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EXTRACT FROM PREFACE TO FIRST 
EDITION 

The present book deals with subjects in the borderland be¬ 
tween several allied sciences (notably physics and chemistry) 
and the exclusively practical sides of their application. It is 
hoped that the student will be helped to understand some¬ 
thing of the applications of t those- heat engines which work 
on the internal combustion principle, and the engineer to a 
fuller realization of the scientific principles concerned in the 
design and working of gas, oil and petrol engines. In order 
to economize space, and since it has been amply dealt with 
by many other writers, little is said of the historical side of 
the subject. The introduction, into the theoretical treatment 
of the subject, of the principle of the now recognized variability 
of specific heats with temperature has involved the breaking 
of much new ground, and it is impossible to expect complete 
success in avoiding mistakes and slips in the calculations. I 
shall therefore he very glad to have brought to my notice any 
corrections that may be necessary. 

In writing this book so many original papers and treatises 
have had to be consulted that it is not easy to make the 
requisite and proper acknowledgments. First, however, it 
is a pleasure to acknowledge my great indebtedness to 
Professor Perry, to whom, as a student many years ago, 
and on numerous occasions since, my thanks are due for 
guidance, counsel and help generously given. I have also to 
thank Mr. Dugald Clerk and Professor Hopkinson for 
copies of their papers. I am indebted also to Mr. J- T. H. 
Burrell, Assoe.M.Inst.C.E., for checking the mathematical 
calculations and for working out the examples. For the 
illustrative matter I have to thank the Institutions, Firms and 
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PREFACE TO FIRST EDITION 


individuals mentioned in the following list, but chiefly my 
friend Mr. F. Strickland and Messrs. Chas. Griffin & Co. for 
permission to reproduce certain illustrations from their cc Petrol 
Motors and Motor Cars . 55 Finally I tender my thanks to the 
Editors of The Engineer and Engineering for permission to 
reproduce certain parts of articles contributed to their columns. 

H. E. W. 

Chelsea. 

13 Ih August 1908 
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PREFACE TO SECOND EDITION 


Since the First Edition of this book was printed there have 
been many important developments in the internal combustion 
engine. There has been a considerable extension of its use 
at sea, a very largely increased employment on land, and a 
most notable development for service in the air. Moreover, the 
recent work of the B.A. Gaseous Explosions Committee has 
provided a real basis for a modern theory of the engine. These 
changes in theory and practice have necessitated corresponding 
changes in the book; the new matter to be added has led to 
some compression in the old, so that the length might be kept 
within bounds : much has been rewritten. In this work I 
have received the valuable assistance of Mr. H. E. Piggott, 
M.A., formerly- scholar of Clare College, Cambridge, and now 
Head of the Mathematical Department of the R.M. College, 
Dartmouth, and of Mr. W. E. Hogg, A.R.C.S., Assoc.MJn-t. 
C.E. ; to both, of them my thanks are due. 

A t, the end of each chapter will be found some problems 
for solution, drawn chiefly from the examination papers set 
at Cambridge, at the Imperial College of Science and 
Technology, and by the Board of Education and other 
Government Departments. These have been arranged by 
Mr. Piggott, and his solutions of them are given at the end 
of the book. 

H. E. W. 

Hampstead 

28 th February 1915 
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PREFACE TO FOURTH EDITION 


Is this new edition it has been possible to include some 
aecount of the notable advances made in internal combustion 
engine theory and practice as a result of the intense stimulus 
of the War. Much of it arose from the growth of aviation. 

This has necessitated some compression in the older matter, 
so that the size of the book should be kept suitable to its 
purpose. 

The author takes this opportunity to thank many friends 
for useful suggestions, and in particular Mr. W. J. Stem, 
B.Sc., A.R.C.S., of the Air Ministry laboratory, for assistance 
especially with the sections relating to the gas turbine and 
to carburation problems. 


Goring-on-Thames 
l&h March 1922 


H. E. W. 
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USEFUL CONSTANTS 


Length, Area and Volume 

<# 

1 centimetre = 0-3937 inch. 

1 inch = 2*540 cm. 

1 sq. cm. '= 0*1550 sq. in. 

1 sq. in. = 6-452 sq. cm. 

1 cu. metro = 35*31 cu. ft. 

1 imperial gallon = 4*546 litres = 10 lb. of water. 

1 U.S.A. gallon = 3*785 litres. 

Weight and Pressure 
1 kg. - 2-205 lb. 

gz=. 32*2 ft. per sec. per soc.=981 cm. per sec. per sec. 

1 atmosphere— 14*7 lb. per sq. in.= 760 mm. of mercury 
= 34 ft. of water = 10® dynes per sq. cm. 

1 lb. per sq. in. = 0*07031 kg. per sq. cm. 

1 litre of water weighs 1 kg. = 1000 grams. 

1 metric ton = 2205 lb. 

Energy 

1 ft. lb. = 0*1383 kg: metre = 1*356 x 10 7 ergs. 

1 Joule = 10 7 ergs = 0*7373 ft. lb. 

1 H.P.-hour = 1,980,000 ft. lb. 

1 C.H.U. = 1,400 ft. lb. 

1 B.Th.IJ. = 778 ft. lb. 

1 calorie = 3,087 ft. lb. = 2*205 C.H.U. 

Power 

1 watt = 1 volt. X 1 ampere = 10 7 ergs, per sec. = 1 Joule 
per sec. 

1 K.W. = 1*34 H.P. = 0-239 calories per sec. 

1 PLP. = 0*746 K.W. = 76*04 kg. m. per sec. 

1 metric H.P* = 0*986 English H.P. = 75 kg. m. per sec. 



XVI 


USEFUL CONSTANTS 


Other Constants 

1 cu. ft. of water =62*3 lb. 

1 cu. ft. of air (N.T.P.) - 0-0807 lb. 

1 radian — 57-3 deg. 
log? x = 2*3026 X logLo 
e = 2*7183. 

Absolute zero = —273° C. = — 459° F. 

Approximate atomic weights : O, 16 ; H, 1; C, 12; N, 14. 
Average composition of air, 23 per cent, of oxygen by weight or 
21 per cent, by volume, remainder almost entirely nitrogen. 


MOLECULAR WEIGHTS OF GASES 


Gas 

Formula 

Molecular 

Weight 

Carbon dioxide. 

co 2 

44-00 

Carbon monoxide .... 

CO 

28-00 

Ethylene. 

o 2 h 4 

28*03 

Methane.. 

ch 4 

16*03 

Oxygen. 

o a 

32*00 

Water vapour. 

h 2 o 

18*02 

Hydrogen . 

H a 

2*016 

Nitrogen. 

n 2 

28*02 








CHAPTER I 


Elementary 

History of Internal Combustion Engine—Use of Compression— 
Comparative Economy. 

1. Heat Engines. —Heat engines are machines which receive 
heat and turn some portion of it into mechanical work. They 
are of two kinds— 

(1) Steam Engines 

(2) Internal Combustion Engines. 

In steam engines the heat is applied to the boiler which 
generates steam. The steam passes through the steam pipe 
into the engine, and when it gets there it makes the engine 
do work. 

The internal combustion engine works in a different way 
altogether. The heat is actually produced by combustion of 
fuel inside the cylinder of the engine. Whereas the steam engine 
illustrates external combustion, gas, oil and petrol engines 
are called internal combustion engines. A gun is also a form 
of internal combustion engine in which a cortain part of the 
heat given out on explosion is converted into kinetic energy in 
the projectile. 

2. History of the Internal Combustion Engine.— The first 
internal combustion engine was made by Huygbens in the 

year 1680 . It was very different to any engine made now. It 

did not work on gas or oil or petrol, but used gunpowder as its 
fuel. Gunpowder was exploded in a hollow cylindrical vessel 
while the piston was at the top, and the air was driven forcibly 
out. The partial vacuum so caused, tended to pull the piston 
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2 THE INTERNAL COMBUSTION ENGINE [chap, i 

down, and this force could be applied by means of a cord and 
pulley to raise a weight or to do work by some other suitable 
mechanism. This engine was not a practical success, nor were 
any later engines working with gunpowder as fuel. In the 
year 1820 the first engine that could really be called a “gas 
engine 55 was made. Its inventor was the Rev. W. Cecil, who 
by an ingenious arrangement exploded in the working cylinder 
hydrogen gas mixed with air, the principle being the same as 
that of the Huyghens gunpowder engine. This also was not a 
practical success, though a step forward. 

- 3. Lenoir Engine.—The first engines that could be put to 
practical use were made by Lenoir in 1860. He used the ideas 
of many people who had previously been working at the 
subject, but he grasped the matter more thoroughly and much 
more constructively. Many hundreds of his engines were made. 
His plan was to draw into the cylinder a mixed charge of air 
and gas. This he did by causing the connecting rod to pull 
the piston upwards, then when the piston was half way up the 
cylinder he ignited, by an electric spark, the gaseous mixture 
which had been drawn in. The gas could not escape by the 
inlet pipe, as that contained a non-return valve. So the full 
effect of the explosion was felt by the piston, which was forced 
upwards causing the connecting rod to do work. When the 
piston reached the top of its stroke the outlet valve was opened. 
Then since the connecting rod was fastened to a crank which 
turned a fly-wheel, the energy of the latter made the piston 
descend and drive the burnt products out of the cylinder. It 
then began to rise again, drawing in a fresh charge of gas and 
air, which was in turn ignited when the piston was half way up 
the cylinder. Thus the motion was repeated. The air and gas 
were always drawn in at about atmospheric pressure, and were 
ignited by the spark at that pressure. In modem engines the 
mixture of gas and air is always compressed before ignition. 
Lenoir’s engine is therefore called a “ non-compression 55 engine. 
It used about seven times as much fuel per horse-power as 
a modem engine. 

4. Otto and Langen.—In 1866, Otto and Langen produced 
an engine in which the piston was not fastened to a connecting 
rod, but was loose and could fly upwards. When the ex- 
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ploded gases had expanded and had got cool (partly by expan¬ 
sion and partly by the effect of the cold cylinder walls), the 
flying piston stopped rising and began to fall under gravity. 
It was then caught by a hind of ratchet on its connecting rod 
and, using its weight in this way, the piston did work. This 
engine was not very successful, its action being spasmodic. 
But in 187G Otto produced what he called a “ silent engine ” 
—to distinguish it from the noisy flying piston engine just 
described. It worked on a principle of operation which had 
been very clearly stated fourteen years before by Beau de 
Rochas, who, although ho had patented it, had not made'a 
working success of the invention. Otto was a more practical 
man, and he made his new engine very successful. The 
method of working was as follows:— 

(1) Air and gas were drawn in during an outward stroke of 

the piston, followed by 

(2) Compression of the mixture during the return inward 
stroke. 

(3) Ignition at the inner dead centre, and expansion through¬ 
out the next outward stroke. 



(4) Discharge of the burnt gases on the return of the piston 
during the last stroke. 

This cycle of operations takes, it will be noticed, four strokes 
to complete, and is known as an “ Otto-oycle ” or “ Four- 
stroke ” cycle. 

5. Use Of Compression.— -The fundamental difference between 
the Lenoir and the Otto engines lies in the fact that the former 
was a non-compression engine, whilst the latter employed 
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compression. A further difference is that the Lenoir engine 
completed its cycle of operations in two strokes, and is known 
as a “ two-stroke 55 engine, whilst the Otto engine is a “ four- 
stroke 55 one. The advantage of compression is that the gases 
are at a fairly high pressure before the ignition point is reached, 
and so the effect of the explosion is to cause the mixture to 
reach a far higher pressure, and therefore to do more work, than 
if the pressure before explosion were no higher than that of the 
atmosphere outside the engine. The fact that all engines work 
on compression means that all must have a space provided into 
which the piston can compress the charge. This space is called 
the “ clearance space. 55 In Fig. 2 the face of the piston, at the 
end of compression, comes up to the line AB, and on the expan¬ 
sion stroke moves out as far as EF. Then the space between 
AB and CD is called the “ clearance 55 ; the distance from AB 
to EF the “ stroke 55 ; and the ratio of the volumes CDFE to 
CDBA the “ compression ratio, 55 denoted by the letter r. It 
is obvious that the higher the compression ratio the higher will 
be the pressure at the end of compression, and thus the higher 
will be the temperature at that point. 


i v 



Fig. 2.—Diagram of Cylinder and Piston, showing clearance. 

Compression ratio = F ° 

volume Q A B D* 


6. Dugald Clerk. —In 1880 Dugald Clerk invented an 
engine which partook of the nature of the Lenoir in that it 
was a two-stroke engine, and of the nature of the Otto in that 
the mixture was compressed before explosion. This he did by 
mixing and slightly compressing the gas and air in a separate 
cylinder instead of in the working cylinder. The working 
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cylinder received its mixture of gas and air under slight com¬ 
pression, forcing out the exhaust gas as it entered, so that the 
exhaust and drawing in strokes could be omitted in the main 
cylinder. Of course the operations thus omitted in the main 
cylinder had to be done in the other cylinder—called the pump 
cylinder—but the working cylinder was able to effect twice 
as many working strokes per minute as before. The work 
done by this cylinder was therefore doubled, but against this 
must be set the work lost in pumping in the other cylinder. 
Engines working on the Clerk cycle are now made in consider¬ 
able numbers. 

7. Daimler. —In 1895 Daimler brought out his well-known 
high speed petrol engine for. automobiles. The Otto cycle 
was followed, and the chief improvements were of a mechanical 
nature. Petrol vapour was used instead of gas. This engine 
gave a great impetus to mechanical transport on roads and 
to the use of motor-boats. 

8. Diesel. —In 1897 a novel form of oil engine was intro¬ 
duced by Diesel. Instead of a combustible mixture of oil- 
vapour and air being drawn in on the suction stroke, air only 
was allowed to enter. This was compressed to a very high 
pressure on the compression stroke—500 lb. per sq. inch— 
and was raised by this compression to a high temperature. 
Then at the inner dead centre a small quantity of oil was 
injected at an even higher pressure (800 lb. per square inch) 
by means of compressed air. This oil at once ignited on 
coming into contact with the air, and forced the piston on its 
outward stroke. As the stroke continued, more oil was 
injected until the “ cut-off 55 point was reached, when the 
gases were allowed to expand and do work in the usual way. 
The effect of admitting the fuel gradually, instead of all at 
once, was to get a more even pressure on the piston from the 
beginning of the stroke until the cut-off point. This made 
the action of the engine similar in some respects to the action 
of the steam engine, where the principle of gradual admission 
also applies. In this engine no electric spark was needed to 
ignite the mixture, since the temperature of the air at the end 
of compression was itself high enough to cause combustion to 
take place. 
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9. Humphrey Gas Pump. —A new type of engine v 
introduced by Humphrey in 1909, in which the iron pist 
was replaced by the flat surface of a vertical water colui 
which under the explosive force of the gaseous mixture ^ 
made to oscillate in a series of unequal strokes, and in so doi 
to cause water to pass from a low level tank to a high le 1 
one. The water so pumped could if desired be made to wc 
a water turbine. 


Useful 

work . 



* Energy in Coa/. • 

Fig. 3.—Efficiency Diagram of Gas Power Plant. 


10. Comparative Economy of Steam, Gas and Oil.—A 

interesting comparison of the relative fuel consumption 
and capital costs was made by T. R. Wollaston, in a pape 
read before the Society of Chemical Industry in 1914. Th 
following is an extract from his paper :— 

For purposes of comparison the following is an approxi 
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mate table showing the performance and cost of modern 
prime movers. The various units are :— 

(a) The most economical form of modem steam engine 
in conjunction with modern boiler plant. 

(b) A steam turbine of highest class with modem boiler 
plant. 

(c) Gas engine with “ bituminous ” gas plant. 

(i d ) Diesel oil engine. 


Type 

B.Th.IJ. 
per B.H.P. 
hour 

Fuel cost 
per B.H.P. 
hour 

\ Capital 

cost per ” 
B.H.P. 

(a) Steam engine . 

19,000 

0-102d. 

£7 

( b) Steam turbine . 

21,000 

0*112 d. 

£6 

(c) Gas engine .... 

15,000 

0-08 d. 

£8 

(d) Diesel engine . 

9,000 

0-18 d. 

£8 


In the above 70 per cent, efficiency is assumed for boiler 
and gas plant. Coal of 10,000 B.Th.U. per lb. at 125. per ton. 
Diesel oil of 18,000 B.Th.U. per lb. at 705. per ton. 

In Fig. 3 is seen a diagrammatic representation of the way 
in which the fuel energy is used in a gas engine and producer 
plant. 
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Thermodynamic Cycles 

aw—P erfect Gas—Isothermal Expansion-—Adiabatic Ex- 
pan-siox—Entropy—Constant Temperature Cycle-_Con¬ 
stant Pees sure Cycle—Constant Volume C-stcle_ Am 

Standare. 

1. Quantity o£ Heat,— The quantity of heat given to the 
>er in a vessel is measured Tby multiplying the weight of the 
;er in pounds by the rise In temperature of the water due to 
receiving this heat. Thus if 40 Jib. weight of water be 
.ted so that its temperature rise from 50° C. to 75° C. the 
entity of heat supplied is 40 X 25 — 1,000 heat units, and 
the temperature scale used is Centigrade these heat units 
; called Centigrade heat units (C.3LU.) or pound-calories, 
e equality of 1,000 pound-calories to 1,800 B.Th.U. can he 
mediately seen, as one degree Centigrade is equal to 1*8 
grees Fahrenheit. One pound-calorie is the amount of 
at required to heat ono pound weight of water through one 
pee^entigrade. One IB.Th.XJ. is the amount of heat 
pared to-heat one pound weight of water through one degree 
-hrenheit. When the unit of weight is the kilogram and the 
ntigrade scale of temperature is used, the unit of heat is 
lied the Kilogram-calorie. 

12. Specific Heat. —The above definitions have all "been 
pressed in the terms of heating water ; water being the most 
nvenient standard substance to select, and having, as it 
ppens, a greater capacity for heat than any other known 
|uid. Thus one pound-calorie will heat one pound of water 
rough one degree Centigrade, but it would heat one pound 
mercury through no less than SO degrees Centigrade. The 
ecific heat of a substance is defined as the quantity of heat 
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necessary to raise one pound weight of that substance through 
one degree of temperature. The following are the specific 
heats of some of the commoner substances:— 


Water 
Mercury 
Brass 
Cast Iron 

Lead . 

Glass 

Air . 


1-000 

0-033 

0-090 

0-12 

0-030 

0-19 

0-24 


Thus 0*030 pound-calorie are needed to heat one pound of lead 
through one degree Centigrade, or 0*030 B.Th.TJ. to heat it 
through one degree Fahrenheit. 

18. Specific Heats of Gases. —In the study of the behaviour 
of a perfect gas it is usual to assume that the specific heat 
is independent of the pressure and temperature. In real 
gases this is found to be only approximately correct, since the 
specific heat, though practically independent of the pressure, 
does increase substantially with increase of temperature. This 
is illustrated in Fig. 21 on p. 63, where the specific heat of the 
expanding gases in a gas engine is shown plotted against the 
temperature. When measurement is being made of the 
specific heat of a gas, it is possible to keep either its volume 
or its pressure constant. The former specific heat is called 
the specific heat at constant volume, and is usually denoted 
by C f , the latter is the specific heat at constant pressure and 
is denoted by C r The specific heats at constant pressure 
will always be larger than those at constant volume, because 
the gas, in expanding, expands against the atmospheric pressure 
and therefore does work. 

The following table gives the constant-pressure specific heat 
figures at 0° 0. for some of the commoner gases:— 


Air . 

. 

• 


. 0-24 

Hydrogen . 

. 


, . 

. 3-40 

Carbon-monoxide 



, 

. 0-24 

Carbon-dioxide . 


, 

► * 

. 0-20 


In gas engine work the simplest plan is to take a mean value 
or the specific heat over the temperature range considered. 
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14. Unit of Work. —As the purpose of internal combustion 
engines is to turn heat into work it is as important to measure 
the work done as it is the heat supplied. Work is measured 
in foot-pounds, one foot-pound being the work done in lifting 
one pound weight through a vertical height of one foot. If the 
point of application of a force of P pounds moves through a 
distance of h feet in the direction of action of the force, the 
work done is P X h ft.-lb. 

15. Volumetric Heat. —Hitherto specific heat has been 
defined as the number of thermal units required to raise one 
pound weight of the substance through one degree of tempera¬ 
ture ; it is sometimes convenient in the case of gases %o know 
the number of foot 'pounds necessary to raise through 1° C. 
a mass of gas which at 0° C. and at normal atmospheric pres¬ 
sure (760 mm. of mercury) would occupy a volume of exactly 
one cubic foot* This number is called the “ volumetric heat ” 
of the gas to distinguish it from the other way of reckoning. 
Thus it comes to exactly the same thing whether nitrogen 
is said to have a “ specific heat” of 0-250 or a “volumetric 
heat ” of 27*2 ft.-lb. per cubic foot. To convert specific heat 
into volumetric heat it is necessary to multiply by the weight 
in pounds of one cubic foot of the gas (at normal temperature 
and pressure) and by Joule’s equivalents It has been found by 
experiment that for most gases the product of specific heat 
and density is a constant. The effect of this is that however 
much the specific heat figures may differ, the figures for 
“ volumetric heat ” are almost the same for all gases. This 
is a great convenience, as it shows that the amount of heat 
necessary to heat a cylinder full of gases, at a moderate tempera-^ 
ture, through any small temperature range, will be about the 
same whatever the composition of the gases may be. This 
consideration is of assistance when studying the effect of the 
presence in an explosive charge of a residuum of burnt gases 
from the last explosion, particularly when the exact pro¬ 
portion of the different substances in the exhaust products 
is unknown. 

* The letters N.T.P. are often added to show that the volume is 
measured at Normal Temperature and Pressure. 

t See p. 14. 
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16. Efficiency.—The ratio of the energy got out from a 
machine to the energy put into it is called the efficiency of the 
machine. Thus 

. energy given out 

Efficiency =-. 

energy supplied 

A gas engine usually gives out at the crank-shaft about four- 
fifths of the energy given to the piston; its efficiency is there¬ 
fore said to be 0-80 or 80 per cent. This is called the mechanical 
efficiency, to distinguish it from the thermal efficiency, which 
is the ratio of the energy given to the piston to the energy 
contained in the fuel used and rarely exceeds 40 per cent, in 
any engine. 

17. Unit of Power. —When a machine is capable of doing 
33,000 ft.-lb. of work every minute (or 550 ft.-lb. every second), 
it is said to be of one horse-power, or 1 H.P. 

As the work done in a minute by 1 H.P. is 33,000 ft.-lb. 
so the work done in an hour is 60 X 33,000 ft.-lb., or 1,980,00, 
ft.-lb., which is therefore the equivalent of 1 H.P.-hour. Ano¬ 
ther unit of power, derived from electrical practice, is the 
kilowatt (or kW.) It is larger than the horse-power and 

1 H.P. = 0*746 kW. 

18. Mechanical Equivalent of Heat. —It was at one time 
thought that when a heat engine did work it did it by passing 
the heat without loss through the given temperature range, 
just as the work done by a waterfall depends upon passing a 
certain amount of water through a certain rang© of 4 ‘head.” 
It is now well known that the quantity of heat supplied to an 
engine is greater than that which comes away from it, and that 
the missing part is the amount of heat that has been converted 
into mechanical work. Joule was the first to realize that heat 
could be converted into work and to measure the number of 
foot-pounds into which one heat unit could be converted. 
This he did by churning water with paddles so as to produce 
internal friction in the water. He measured the work done 
and the rise in temperature of the water; by this means the 
mechanical equivalent of 1 B.Th.U. was determined. Many 
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later and more accurate experiments have been made, and the 
result generally accepted now is that 

1 B.Th.U. = 778 ft.-lb. 
and 1 pound-calorie = 1,400 ft.-lb. 

19. Changes of State in a Gas or Vapour— The state of a 
gas or vapour may be altered by giving heat to it, or by taking 
heat from it. The state may also be altered by compression 
or expansion. Any of these processes will bring about changes 
in one or more of such properties as—volume, pressure, tem¬ 
perature, internal energy, specific heat. These properties are 
related to one another in various ways, and the two most 
important of the relationships are called Boyle’s Law and 
Charles’ Law. 

20. Boyle’s Law. —Boyle’s Law states that if the tempera¬ 
ture be kept constant the volume of a mass of gas will vary 
inversely as the pressure. 

In symbols— 

PV = Constant 

(for constant temperature). 

21. Charles’ Law. —Charles’ Law states that if the pressure 
be kept constant, equal volumes of different gases increase 
equally for the same increase in the temperature; also, that if 
a gas be heated under constant pressure equal increments in 
its volume correspond very closely to equal intervals of tem¬ 
perature. 

22. Absolute Temperature. —It is found by experiment that 
the amount by which the volume of gas expands when its 
temperature is changed by one degree Centigrade (the pressure 
being constant) is -^r^rd part of its volume at 0° C. If this 
proportion held rigorously for all temperatures, however low, 
it would follow that at a temperature of 273 degrees below 
0°C. the volume of the gas would be zero. The temperature 
of — 273° C. is therefore called the Absolute Zero, and tem¬ 
peratures reckoned from this zero instead of 0° C. are called 
absolute temperatures. Thus the boiling point of water is called 
either 100° C. or 373° C. (absolute). When using the Fahren¬ 
heit scale the number 459 should be added to the ordinary 
Fahrenheit temperatures to bring them to Fahrenheit tern- 
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peratures (absolute). Charles’ Law may therefore be ex¬ 
pressed— 

If V—volume at 0° C, 
and V 0 =volumc at 0°C. 
v A 

V = Vo+_LL 6 

~273 


(0+273) 

T, where T = absolute temperature, 


• = constant (for constant pressure). 


23. Perfect Gas. —A perfect gas is defined as one which 
satisfies rigorously both these laws, which may be combined 

PV 

into — = constant. This constant is usually written R; 

thus PV = RT. Most of the ordinary gases comply very 
closely with the perfect gas laws, particularly at the tempera¬ 
tures met with in internal combustion engines. The equation 
PV 

____ = constant applies to any weight of gas ; when a standard 

weight of gas (e.g. 1 lb.) is considered, then the value of R 
depends on the nature of the gas. For 1 lb. weight of air 
R = 96, the units being pounds, feet and degrees Centigrade. 

24. To prove when unit weight of gas is considered that 

PV=RT=J (C p —CJT 

where R is a constant and J is the value of the mechanical 
equivalent of heat (“ Joule’s Equivalent ”). 

Consider one found weight of gas (at P„, V 0 , T 0 ) confined in 
a cylinder of exactly one square foot in cross-sectional area 
and having above it a piston whose weight may be neglected. 
Let the temperature increase to T x and the volume to V 2 , 
keeping the pressure constant and equal to P 0 . 

The heat supplied to the gas = 

C p (Ti— 1 T 0 ) heat units 
equivalent to JC^Tr—T 0 ) ft.-lb. 
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The external work done by the gas=P 0 (V 1 —V„) ft.-lb. 
which=R(T 1 —T 0 ) ft.-lb. 

(using the equation PV=RT) 

Then the internal energy remaining in the gas must be equal 
to the difference of those two, or 

=(JC p —R)(T a —T 0 ) ft.-lb. 

Now Joule discovered experimentally that the gain in internal 
energy of a gas depends only on the initial and final tempera¬ 
tures, and is independent of changes of pressure or volume, 
i.e., that the above increase in internal energy is the same as 
if the temperature had risen while the volume remained con¬ 
stant, in which case the heat units required would have been 
C^Ti—T 0 ), or in energy units JC S (T I —T 0 ) ft.-lb. 

Thus (JC p —R)(T j—T 0 )=JC„(T t —T 0 ) 
or R=J(Cp—C„) 

This shows that the perfect gas law may be written 
PV 

^=J(C p -C B ) 

a form which is often convenient. It shows also that for any 
gas which obeys the perfect gas law the specific heat at con¬ 
stant pressure is always larger than the specific heat at constant 
volume by the same amount, no matter what the temperature 
or pressure may be. So that if one specific heat be known the 
other, or the ratio of the two, can easily be calculated. 

25. The equation 

PV 

(C p C„) 

is true for all perfect gases, the quantity present being unit 
weight. It may be written 

?=^ (C,-C,). 

If we take two different gases, both obeying the perfect gas 
law, and adjust their pressures so as to be equal, and also their 

temperatures to be equal, the two values of — (G p —C^) must 

be the same. But the weights of the gases being the same, 

o 
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the volumes occupied must be inversely proportional to their 
densities. Thus (C P — C v ) X density must be a constant quan¬ 
tity for such gases. 

The following table shows how real gases approximate to 
this— 


Gas 

Op 

Cv 

• 

Density rela¬ 
tive to Air 

((£—C.) x 
density 

Ha . . . 

3-409 

2-406 

0-0692 

0-069 

N a . . . 

0-244 

0-173 

0*970 

0-069 

O2 • * 

0-218 

0-155 

1-105 

0-070 

co 2 . . . 

0-217 

0-171 

1-520 

0-070 


The explanation why there are any differences at all is because 
these gases are not “ perfect gases.” The assumption is im¬ 
plied, moreover, that the specific heat is independent of tem¬ 
perature, and although for many calculations this is sufficiently 
nearly true, there are others, as will appear in a subsequent 
chapter, in which this is by no means the case. 

26. Ratio of Specific Heats. —The ratio of the two specific 
heats of a gas is an important one, and is generally called by 
the Greek letter y, thus 



Since J(C P — C,)=R 



R 

J.Q, 


y lies usually between 1*3 to 1*4; and for air is 1*41. 

27. Isothermal Expansion. —When a gas expands so that 
the temperature is always constant the expansion is said to be 
Isothermal . 

In symbols— 

PV=constant. 


This is, of course, Boyle’s Law. 

(This is occasionally referred to as a “ hyperbolic ” expansion 
as the graph of the above equation is a hyperbola.) 

28. Adiabatic Expansion. —When a gas expands in such a 
way that heat, as such, is neither given to it nor taken from it. 
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the expansion is said to be adiabatic. Such an expansion, or 
compression, may be imagined as taking place in a cylinder 
made of a completely non-conducting material, no heat being 
generated by chemical action nor lost by radiation. The more 
quickly an expansion or compression takes place, the more 
nearly is the adiabatic law followed, since there is a shorter 
time for any transfer of heat to take place. The rapid heating 
of a tyre-pump when used vigorously is a familiar phenomenon. 



Fig. 4 .—P V diagram showing compression of six cubic feet of air into one 
cubic foot, (a) Isothermal; (6) Adiabatic. [Final pressure is more 

than twice as high in ( b ) as in (a).] 


When the expansion is adiabatic the law connecting P and V 
for a perfect gas can be shown to be 

PV Y =eonstant. 

In Fig. 4 is shown the result of compressing a mass of gas 
from 6 cu. ft. to 1 cu. ft. Such compressions are approxi¬ 
mately adiabatic—see curve 5—when the process is carried 
out very rapidly; and approach the isothermal—see curve a 
—when the compression is so slow that most of the heat is 
dissipated during the time taken by the compression. 

29. Proof. —“ Joule’s Law,” quoted in paragraph 24, comes 
to this, that the gain in internal energy due to rise of tempera- 
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turc must equal the difference of energy dues to heat supplied 
and the work done. 

Thus, if AH. heat units are supplied to unit weight of gas 
J.C r AT J. AH—-P. AV 

where AT and AV arc increments in temperature and volume. 
If the gas is neither to receive nor to lose heat 

AH=0 

and the equation simplifies to 

J.C,AT+P. AV“0. 

Now in any finite transformation I* will lx; continually chang¬ 
ing, and the process must therefore he imagined to he split up 
into a great number of infinitesimal steps. Consider AT and 
AV as infinitesimal increments, and obtain the equation con¬ 
necting P and V by integration, thus:— 


J.U„. AT -j-P. AV-0 

from pars. 24 and 20, PV~ *!.(•„.(y— I)T 
therefore P. AV+V. AP=.J.Cy y -1) AT 

= -(y-l)P. AV 
therefore V. AP=~ y .P. AV 


AI* 

P~ 



in the limiting case 


tlV . dV 
v +r V 


o. 


therefore log P-f-y log V— constant, or PV y — constant. 

30. Temperature Changes in Adiabatic Transformations.— 
The adiabatic law for a perfect gas is 
PV y =constant; 

combine this with the perfect gas equation of 

PV=RT 
and eliminate P 
then TV*' 1 -—constant; 
or V can be eliminated and then 


T y 

-—constant. 

pr-i 


If, therefore, the initial state of a mass of gas be known it 
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is possible to calculate its temperature at any point after adia¬ 
batic expansion or compression from a knowledge either of its 
new volume or of its new pressure. 

Both the laws discussed in paragraphs 27 and 28 are special 
cases of the general formula PV” = constant, n being equal 
to unity in the isothermal case and equal to y in the adiabatic 
case. »In the internal combustion engine the gas does not 
expand decompress according to either of these laws precisely 
but the expansions and compressions do in every case follow 
very nearly some, law of the type PV" = constant, where n 
has a value lying between unity and y. 

Example .—If the gas during a compression stroke increased 
in pressure from atmospheric; pressure to 65 lb. per sq. inch 
above the atmosphere, and if the temperature before compres¬ 
sion were 120° C., the temperature at the end of compression 
could be calculated from the; equation in par. 30. 

rj>» 

pn i “-constant 


and if n he 1-3 


Then 


T 1- * __ (120 4-273) 1 ' 8 

f 14-7 |- 65)°' 3 ' nlTmus 


(! 4 - 7 ) 

or T==( 120+273) (y~ = 393 (Z£lZ) 


0-23 


or T = 580° C. (absolute) =--- 307° O. 

This explains how it is that a gas gets hot when compressed 
so suddenly that there is little time for heat to escape through 
the walls of the cylinder. 

31. The Thermodynamic Laws. —The following are the two 
fundamental laws of thermodynamics. 

(1) In all transformations, the energy due to the heat units 
supplied must be balanced by the external work done plus the 
gain in internal energy due to the rise in temperature. 

(2) It is impossible for an automatic machine, unaided by any 
external power, to convey heat from a colder to a hotter body. 

The first of these laws was discovered experimentally by 
Joule. It has been stated in paragraph 29, and was there 
interpreted in symbols, viz. : / 

j.ah=jo„at+pav 
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The second law may be said to represent universal experience 
in the working of heat engine#). 

32. Thermal Efficiency.—So far as the first law is concerned 
there is nothing to show why all the heat supplied to an engine 
should not be converted into work. But the effect of the 
second law is that only a portion of the heat supplied can be 
converted into work, and, as stated in par. lft, the ratio 

Heat converted into work 
Heat supplied to engine 

is known as the thermal efficiency of the engine. The better 
the engine the higher the efficiency. The most efficient heat 
engine yet built has an efficiency of about 0-4. 



33. Application of Graphical Methods to Thermo-dynamics; 
Pressure-Volume and Temperature-Entropy Diagrams. —The 

reader is probably familiar with graphical methods as applied 
to physical problems. In many such cases it is customary to 
deal with three physical quantities; two of these are plotted 
along the axes of co-ordinates, and the relation between them 
exhibited by the graph, while the third is involved in the area 
contained between the curve and one of the axes. 

If pressure (lb. per sq. ft.) be plotted along one axis and 
volume (cu. ft.) along the other, as shown in Fig. 6, the area 
between the curve and the X axis, bounded by the ordinates 
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at y = Vo and V == V„ will give the external work done (ft.- 
lb.) when the volume of the gas increases from Y 0 to V a . 

Proof .—Area of shaded strip —1\ AV, which is work done 
by pressure in increasing volume by AV. Therefore total 
work done = 2I\ AV for all such strips (or in calculus nota¬ 
tion, | P.cZV) which is the ansa under the curve. 

It is this principle that enables the work done by an engine 
to be calculated from an indicator diagram showing the pres¬ 
sures and volumes of the working medium. 

In some problems, however, it is convenient to have the 
temperature shown along the Y axis, and the area under the 



Fxa. 0.— r F<f) diagram. 

curve to show, not work done, but heat units supplied to the 
gas. The question arises, what, in this caso, is to be plotted 
along the X axis ? The answer to this question is that the 
quantity to be plotted along the X axis is not one like pressure 
and volume with which acquaintance has already been made, 
but a new one, and one which cannot bo measured directly. 
The name given to it is entropy. It is not possible to give a 
simple scientific definition of entropy, nor is it necessary to do 
so. It is obviously some property of the state of a gas which 
determines the connexion between rise of temperature and 
increase of heat units. If we keep in mind the graphical in- 
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terpretation an explained above, it. is unnecessary to express 
the idea of entropy in any formal definition.* In Fig. (5 such 
a graph is given. The area under the. curve, and lying between 
the ordinates at and <p u measures the number of heat units 
supplied to the gas between the temperatures T 0 and T a . 

Calculation .-- (Tilling the entropy 7 , the area of the shaded 
strip— T.A (p, but this by definition is equal to AH, 
therefore T. A 7 AH 


and t> = 


dll 

T~ 


From this formula the. actual valu<‘ of the entropy in a mass of 
gas can be calculated. 

34. Unit of Entropy. —If the area under the curve in Fig. 6 
were 1000 pound-calories and the temjmruturo had remained 
constant at 500° 0. (absolute), corresponding to an isothermal 
expansion, the curve would have been flat, i.e. a straight line 
parallel to the axis of entropy, and it is (dear that the difference 
( q> t — qj t ) would havo had to be two units of entropy in length, 
so that 

2 X 000 — 1000 pound-calorics. 

One unit of entropy would therefore bo the amount of increase 
in. entropy due to the reception of a number of heat units equal 
in amount to the absolute temperature at which the boat is 
received, and this unit of entropy is called 1 rank. 

The temperature values used in entropy calculations must 
always be absolute. The importance of temperature-entropy 
graphs lies chiefly in their applications to isothermal and 
adiabatic transformations:— 

( 1 ) In isothermal transformations the temperature is con¬ 

stant, so that the graph will bo a straight line parallel 
to the entropy axis. 

( 2 ) In adiabatic transformations no heat units are gained or 

lost, so that the entropy remains constant and the graph 
will be a straight line parallel to the temperature axis. 

* Readers desiring to get a fuller idea of entropy are referred to 
Professor Callendar’s address to the Physical Booiety, of which an 
abstract is given on p. 97 of Nature for March 16, 1911. 
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Ibis means that any closed circuit made up of successive iso- 
hermal and adiabatic compressions and expansions will have 
i, graph composed exclusively of straight lines at right angles 
,o one another. Hence the area can be very easily measured, 
md the amount of heat supplied be readily determined. 

35. PV and Tcp Diagrams Compared. —The following state¬ 
ments help in memorizing the relationships between these two— 

( 1 ) Average force (lb.) X space range (ft.) = work done (ft.- 

lb.) } or, what comes to the same thing, average pressure 
(lb. per sq. ft.) X volume range (cu. ft.) = work done 
(ft.-lb.). 

( 2 ) Average temperature (absolute) X entropy range ( ranks)= 

heat units ,—the latter being either calories or B.Th .U. 



according as the temperature (absolute) has been measured in 
the Centigrade or Fahrenheit scales. 

36. Areas of Closed Cycles. —After any ideal cycle of opera¬ 
tions, when the gas returns to its initial state, both the PV and 
T cp diagrams will be closed figures ; in this case the net work 
done (in the PV diagram) and the net heat units taken (in 
the T 9 ? diagram) will be given by the area of these closed 
figures. 

Thus the PV and T cp curves shown in Fig. 7 are those of the 
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“ Otto ” cycle on which most modern gas engines work, and 
they will he referred to at greater length in this book. 

The area under the curve T/IV-Gioat units received. 

The area under the curve T.T, • ■ heat units rejected. 

Thus the area contained within the closed figure T 0 TxT,T, 
gives the number of heat units which are converted into work 
by the engine. If this be multiplied by the numerical value 
of J, it will give the same result as would be obtained by measur¬ 
ing the area of the figure loPj!**!’*. 



Via. 8. 


The PV and Ty diagrams therefore have this in common, 
that the area of the closed figures in each, corresponding to 
a given cycle of operations, will give the work done. The 
thermal efficiency can be obtained very simply from the Tq> 


diagram since 

Thermal efficiency 


_area ToTjTjT, 
area under TjT,' 


/ 


In Fig. 8 is shown a very simple entropy diagram for one 
pound of gas. The gas starts at the point A; the temperature 
is then increased to the point B, whilst the entropy remains 
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constant—an adiabatic compression; then the gas has its 
temperature kept constant from B to C, 'whilst the gas receives 
heat and the entropy increases—an isothermal expansion ; then 
from C to D the gas expands adiabatically as the entropy is 
constant and the temperature falls to D ; then from D to A 
the temperature remains steady, whilst the gas gives up its 
heat and the entropy diminishes from D to A, so hringing the 
gas back to its original state, and ready to go through the 
cycle again. This is the well-known Carnot Cycle, which is 
so often shown on the PY diagram, hut is so much more 
easily understood on the T <p diagram. 

, . , . . area ABCD AB 

In this case thermal efficiency 


max. temp, of cycle- 


area EBCF EB 
-min. temp, of do. 




max. temperature of cycle 


which is the customary expression for the efficiency of the 
Carnot Cycle. This is an instance of how simple the use 
of the T cp diagram makes such calculations. 

37. In this last named figure all the lines were parallel to 
one or other of the axes. This was because an ideal cycle 
of the simplest mature was being followed. In Eig. 9 the 
sloping lines AB and BC have been drawn at random. What 
changes of state would they represent 1 

The line A~R shows an increase of both entropy and tem¬ 
perature, both of them increasing at about an equal rate. 
So that heat is being given to the gas, and the temperature 
is increasing meanwhile. This is generally similar to what 
goes on during explosion in a gas engine cylinder, as the gas 
takes in heat from the effect of chemical combination, and 
the temperature rises while it does so. Having arrived at 
the point B the gas now follows the line BC, during which 
the gas continues ho take in heat, and the temperature decreases. 
This is what would occur, on a lesser scale, in a gas engine 
cylinder were the combustion of the gas to continue right 
through the working stroke instead of ending at the point 
of highest temperature, as it is now generally believed to do. 
Then to get the gas hack to its original state the line CA is 
followed, and duxing it the gas gives out its heat at a nearly 
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steady temperature, i.e. almost an isothermal compression- 
No gas engine works exactly on this cycle, which was on <3 
drawn at random to show how any cycle whatsoever can 130 
very easily and readily studied by the use of the T 9 ? diagram - 
It is obvious from the diagram that the efficiency of this 
triangular cycle would be a low one as the area is small having 
regard to the temperature variation represented. 



* 


Fig. 9. 

Gas engine indicator diagrams are often turned into T q> 
diagrams, but it is necessary that certain precautions should, 
be taken in doing so. The difficulty lies in the fact that ttte 
working fluid does not remain in the cylinder for a number of 
cycles, but is periodically discharged to exhaust, and a fresli 
charge brought in. The cycle can, however, be treated as a* 
continuous one if the exhaust gases are considered to have 
their relatively high temperature and pressure reduced to 
those of the incoming charge, the volume being kept constant). 
In an Appendix to an Institution of Civil Engineers report ** 
Captain Sankey has shown a number of PV and T <p diagrams 
for the same gas engine cycles, and by the permission of 

* I. C. B. Proc, Vol. 162. 





Fig. 10. 


an ideal engine, whilst in the shaded portion is given the 
same diagrams for a probable actual engine. The wavy part 
of the entropy curve shows the expansion period of the cycle. 

39:’■' 
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It has been drawn to show the loss of heat to the walls and 
piston during the beginning of expansion, and the subsequent 
flow of heat in the reverse direction during the latter part of 
the stroke,* this effect dying away again at the very end of 
the stroke, possibly on account of the slow motion of the 
piston at that point, which would allow the walls a greater 
amount of time in which to part with their heat. 

Before dealing with the efficiencies of the various cycles 
of working it is necessary to say something about the work¬ 
ing medium. The gaseous mixture that enters a gas engine 
(for oil or petrol engines the same considerations apply) is 
usually t 0 q air and the rest gas, and even when the proportion 
of air is not quite so high as this, by far the greater part of the 
mixture is simply air. Air is in fact the working substance, 
and gases, oils and petrols are used merely to raise its tempera¬ 
ture to the point required to carry out the predetermined 
cy r cle of operations. So that although the thermal constants 
are given not only for air but also for other gases, etc ., it must 
be remembered that air is the most important factor, and that 
inasmuch as air is -f- nitrogen, it is the latter gas which is most 
concerned, however passively, in the working of internal 
combustion engines. The following table shows the composi- 



* It would have been mor-e accurate to have shown a continuous 
loss of heat by the gas —see par. 59. 
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with steam engines knows that the standards of comparison 
are the Carnot Cycle and the Rankine Cycle, that is to say, 
these two ideal cycles of operation are the standards by which 
actual engines are best judged. It 'would be unfair to com¬ 
plain of any engine which gave a thermal efficiency of 
0*27 when that ideally possible for the temperatures employed 
was only 0*30, indeed such an engine must be greatly superior 
to any yet constructed, and although 27 per cent, efficiency 
does, it is true, mean that 73 per cent, of the energy is wasted, 

•27 

yet in reality the engine is a very good one as it yields —, 

*30 

i.e. 90 per cent, of what is ideally possible. It is this figure of 
90 per cent, which should really be looked to. The figure 
of 0*27 gives little information, but the figure of 90 per 
cent, shows at once that unless the manner of working be 
altogether changed there is only 10 per cent, left to improve 
upon. In a steam engine the endeavour is to keep the cylinder 
hot and so prevent the condensation which causes the efficiency 
to fall below its possible level. In a gas engine, on the con¬ 
trary, the endeavour is to cool the cylinder to keep the engine 
from jamming and otherwise working badly. Clearly there 
is here a marked difference in operation, and correspondingly 
it becomes necessary to devise new standards of comparison 
suitable to the working of gas engines. 

There are Three Ideal Standard Cycles, via.— 

1 . The constant temperature type. 

2. The constant pressure type. 

3. The constant volume type. 

Each of these has been investigated by a Committee ap¬ 
pointed by the Institution of Civil Engineers, and as it is 
desirable to avoid a multiplicity of methods of dealing with 

the same thing, the author will follow generally the procedure 

they recommend. 

39. The Constant Temperature Type.—In an engine of 
this type, all the heat is taken in at the highest temperature 
and all is afterwards rejected at the lowest temperature. This 
is what has been defined above as the Carnot Cycle, and it can 
be proved that for the same temperature limits no poseibfe 
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treatment of a heat engine can give a higher efficiency than 
is theoretically obtainable in this way. The diagrams in Fig. 

11 show at once that the efficiency is -i=— 5 where T x is the 

1 i 

highest temperature and T 0 the lowest, both of course 
being reckoned from the absolute zero of temperature. T 
is always used in this book to mean temperature absolute, 
and 6 to mean temperature as read on a thermometer. A PV 
diagram is also shown and any one acquainted with the working 
of steam or gas engines would recognize that for any given 
h.p. the cylinder would require to be exceedingly large and 




VOLUME 


ENTROPY 


Fig. 11. 


► 


costly, so that the extra economy in the matter of fuel 
brought about by its high efficiency would be more than 
counterbalanced by the inconvenience of the size of the 
engine and by the extra annual outlay necessary to pro¬ 
vide for interest and depreciation on the enhanced capital 
cost. 

No gas engine works on this cycle or indeed on anything 
very like it. It is not, therefore, quoted nearly so often m 
gas engine work as in steam engine practice. 
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40. The Constant Pressure Type.—In this type of engine all 
the heat is received at the highest pressure and rejected at 
the lowest pressure. 

T 9 o and PV diagrams are shown for this cycle in Eig. 12 . 




Fig. 12. 


The heat received per lb. of gas in this case is (T 2 — Ti) X 
C p , and that rejected is (T 8 —T 0 )xC p , so that 

,, t no . heat taken in—heat rejected 

thermal emciency= ---* 

heat taken in 


-q JT.-To 

t 2 -t/ 

During the parts of the cycle shown by the lines T 0 Ti and 
T 2 T 3 , heat is being neither received nor rejected by the gas; 
the expansion and compression must therefore be adiabatic. 

D 
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* »c. pvv = constant, and by par. 30 
For adiabatic expansions, PV 

^L.=constant. 

„ , . T. Xjtf „,d !• if/p 


np /P ft \ri , 1-3 

Therefore ^=(p^) y and 




us tTt 2 t, 

Therefore rj= 


.. __v 0 _ 

The compression ratio r y^ 
t 1 

Therefore 


This gives the value ofthat this 
of r the compression ratio. + prrmpra tures and pressures 

efficiency is independent o ^ compression. It 

Slrl:lSfffi2:n y cies the compression must he high. 



Fig. 13. 
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The Brayton and Diesel engines approach most nearly to this 
cycle. 

41. The Constant Volume Type. —In this type all the heat 
is received at constant volume and rejected also at constant 
volume. These two volumes are the volume at Ignition and 
the volume at exhaust. This cycle may also be called the 
Otto or Beau de Rochas Cycle, and it is the one on which prac¬ 
tically all modern gas engines work or attempt to work. The 
diagrams in Fig. 13 show the working of the cycle. 

The efficiency is calculated in the same manner as the pre¬ 
vious one ; heat taken in ={T S —T*)C r and heat rejected 
= IT*-—T 0 )C c , from which it follows that 


Efficiency—.• 

■ 1 (T.-t.k; 


>j- 


_T,—T\—T 3 —'T 0 ' 

t s -tT 

t 3 -t 0 _ 

t.-t; 


Then as before 


Therefore 


T t Ta 
T & T, \V'J 


T—1 



And this it will be noted is exactly the same expression m 
before. Indeed, the Carnot Cycle can also have its efficiency 
expressed in exactly the same way,* but it must be remembered 
that although the efficiency of all three cycles depends upon 
the degree of compression and would be the same in all were 
the compression ratios the same, yet the temperature ranges 
would be very different, and it wmdd be found that the Carnot 
Cycle gave the least range of temperature for any given effi¬ 
ciency. The discovery that for the same compression ratios 
the same efficiency holds good for each of these three cycles is 
attributed to Professors Unwin and Calendar. 


* Indeed all three cycles can also have their efficiencies expressed 

T£ _X 

as — h*x ——, i.e. the temperature rise on compression divided by the 

-M 

compression temperature. 
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In view of the simplicity of this result, the Institution of 
Civil Engineers selected for use as the best expression for 
the ideal efficiency the form— 



This expression therefore holds the place in gas engine work 
which in the steam engine is filled by the well-known 

_max. temp.—min. temp. 

^ max. temp. 

42. The remaining point to be considered is the value to 
give to y. The gaseous mixture which works in gas engines 
depends upon whether lighting gas, producer gas, blast furnace 
gas or coke-oven gas is being employed, and with oil and petrol 
engines other mixtures occur. It is evidently impossible there¬ 
fore to get a value for y which will accurately suit all engines. 
It must be remembered, however, that the working fluid 
always consists chiefly of air, and it has been urged by some 
engineers that, having regard to the preponderance of the 
atmospheric oxygen and nitrogen in all internal combustion 
engines, little error could arise if it were all assumed to be air. 
The 44 Air Standard 55 for efficiency resulted. It assumes that 
air is the working fluid (and that the small quantity of com¬ 
bustible gas is merely used to heat this air by combustion), 
and that y has the air value of 1*40, so that 



This expression gives for different values of r the following 
theoretical efficiencies— 


r 

V 

2 

1 0-242 

3 

0-356 

4 

0-426 

5 

0-475 

7 

0-541 

io ! 

0-602 

20 

0-698 

100 

0-841 
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In practice 60 to 70 per cent, of these efficiencies are usually 
obtainable, and it is clear that a comparison between different 
engines can be made by noting what percentage of the ideal 
efficiency is obtained, in each case, for the compression ratio 
at which each works. A natural result of this rise of efficiency 


<tr 



Fig. 14. —Curves showing heat contained in 1 lb. of saturated air at various 
temperatures. Thus tS represents the heat content of 1 lb. of dry air 
and the associated quantity of water vapour, which occupies the same 
volume as the 1 lb. of air at temperature t. 


with compression is that taken over a long range of years there 
has been a decided increase in compression pressures. It is 
indeed this movement which is the chief cause of the great 
advances that have been made in the heat economy of gas 
engines. Thus in 1880 a compression pressure of 30 or 40 lb. 
per sq. inch was usual. Now the compression pressure some¬ 
times goes up to 170 lb. per sq. inch when working with pro¬ 
ducer gas and with the Diesel oil engine as high as 500 lb. per 
sq. inch. The effect of high compression pressures is ill us- 
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trated in practice by the following comparative figures on an 
engine using benzol as fuel.* 


r 

Air Standard 
efficiency per cont. 

Actual indicated 
thermal efficiency 
per cont. 

Ratio 

4*0 

42*56 

27*5 

*646 

4*5 

45-21 

29-7 

•657 

5*0 

47*47 

31*6 

•667 

5*5 

49*44 

33-4 

•676 

6*0 

51*16 

34-9 

•682 

6*5 

52-70 

36-2 

•687 

7*0 

53-98 

37-2 

■690 


43. The Council of the Institution of Civil Engineers have 
permitted the reproduction of the diagrams in Eigs. 11, 12 
and 13 from the Final Report! of the Committee on the Effi¬ 
ciency of Internal-Combustion Engines. They also permitted 
the curve in Eig. 14 to be reproduced. It shows the heat con¬ 
tents for 1 lb. of air, and the associated quantity of water 
vapour. It therefore enables the observer to ascertain at once 
the heat contained in any weight of air at different tempera¬ 
tures. The ability to do this rapidly is very useful when a 
heat balance sheet is being made out for. a gas engine run, and 
when considering the design of vaporisers for gas producers. 

43a; Mixed Cycles.—The constant volume and constant 
pressure cycles hitherto considered, cannot of course cover all 
varieties of engine operation, though they do represent the 
ideal cycle arrived at in the great majority of engine types. 

In practice it sometimes happens that some of the heat is 
supplied at constant pressure and some at constant volume; 
sometimes also the rejection of heat takes place partly at con¬ 
stant volume and partly at constant pressure. Under these 
conditions the simple formulae no longer apply. These only 
hold for ££ symmetrical 53 cycles, i.e. cycles in which all the 
heat is supplied at constant volume and rejected at constant 
volume, or supplied at constant pressure and rejected at 

* Ricardo, Brit. Assoc., 1920. 
t I»G.E. Proc Vols. 162 and 163. 
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constant pressure. In the ideal Diesel.cyc le. for example, 

whilst the heat is supplied at constant pressure, it is rejected 
at constant volume. The cycle is therefore not symmetrical 
and the efficiency is less than that which would be calculated 
from the formula 



The reason for the decrease will be seen from the diagrams 
shown in Fig. 14a. The ideal Diesel diagram ABCD may 
be considered as made up of a very large number of very small 



V 

Fig. 14a. 


heat cycles 1, 2. n. Their individual efficiencies will 

tend in the limit to the above formula with appropriate 
values for the compression ratios ; these individual efficiency 
figures will diminish as the number in the series increases 
owing to the gradual decrease of the compression ratio as 
the cycles leave the line AD and approach the line BC. 
It therefore follows that the efficiency of the whole cycle must 

F D 

be less than that corresponding to the compression ratio 

The efficiency of the ideal Diesel cycle thus decreases as the 
load increases, whilst the efficiency of a symmetrical cycle is 
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independent of the quantity of heat added. The 
the efficiency of the ideal Diesel cycle with mere* 
however theoretically capable of being avoided i 
extent by supplying part of the additional heat, i 
meet an increased load, at constant volume as i 
If addition be made to the left-hand side of the lino 
of the right-hand side, then by proper choice of ' 
compression line EE, the effect of an added cycle 



add to the horse power without any diminution 
cieney of the original Diesel cycle ABCD. 

The practical Diesel cycles approach this condit 
the heat being supplied at constant volume, th< 
being added at approximately constant pressure. 

EXAMPLES 

1. The mixture in a petrol-engine cylinder at atmospl 
and volume 1 is found to be at a temperature of 115° C 
pressed and ignited. At a certain instant the pressure is It 
and the volume 0-25. Bind the temperature. [B. oi 

2. Dry air is pumped into a closed vessel of constant 
the pressure inside it is 80 lb. per sq. inch by gauge ; the 
is 90° F. What will be the pressure in the vessel after it 
for a considerable time in a room where the temperature 

[Mech. Sc. Tri 
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3. Before compression, on a petrol engine diagram v=- 10, £>=15 

temperature=150° C. At a point on the expansion part of the dia¬ 
gram where z;=4, £>=190, what is the temperature ? Assume that 
the mixture behaves as a perfect gas. [B. of E., 1911.] 

4. At the beginning of the compression part of the diagram of a gas- 
engine cylinder, the pressure is represented by a distance 0-31 in. and 
the volume by 3 in. The temperature is known to be 120° C. At a 
point on the expansion part of the diagram where the pressure is 7 in. 
and the volume 0-6 in., what is the temperature ? 

[B. of E., 1909.] 

5. One lb. of air has a volume of 4 cu. ft. and a pressure of 50 lb. 

per sq. inch; the temperature is 127° C. It receives 250 C.H.U., its 
volume remaining constant. What is its new temperature and pres¬ 
sure ? The mean specific heat at constant volume may be taken as 
0*17. [B. of E., 1909.] 

6. A balloon of 5,000 cu. ft. capacity is to be so far filled with hydro¬ 

gen at a pressure of 30 inches of mercury and 15° C. that, after ascending 
to a height where the pressure is 20 inches of mercury and the tempera¬ 
ture 0° C., the silk envelope is then fully distended, no gas having been 
spilled. Calculate the mass of hydrogen required and its original 
volume. The density of hydrogen is 0*0056 lb. per cu. ft. at normal 
temperature and pressure. [Mech. Sc. Tripos, 1912.] 

7. Air at atmospheric pressure and at a temperature of 70° C. is con¬ 
tained in a cylinder of 2 cu. ft. volume, closed by a piston. The latter 
is forced down until the air is compressed into j- cu. ft. Find its result¬ 
ing pressure (lb. per sq. inch) and temperature, if the compression is 
performed. 

(a) Very slowly; 

(b) Very quickly (i.e. so that heat has no time to escape) [y~ 

1*41]. 

8. Assuming that the compression curve follows the law PV7=con¬ 
stant [y=l*4], calculate the pressure of the charge at the end of com¬ 
press'on, given that the pressure at the beginning of the stroke is 12 
lb. per sq. inch abs. and that the final volume is ^ the initial volume. 

[B. of E., 1912.] 

9. A quantity of air at temperature 15° C. and pressure 25 lb. per 
sq. inch abs. is adiabatically compressed to one-half its volume. Find 
the resulting pressure and temperature. [Mech. Sc. Tripos, 1911.] 

10. Air at 68° F. and atmospheric pressure is compressed adiabatic¬ 

ally to 4 atmospheres. It is then cooled at constant volume in a receiver 
down to initial temperature, and then expanded in a non-conducting 
cylinder to atmospheric pressure. Find the highest and lowest 
temperatures. j 

11. The ratio of compression in the cylinder of a Diesel oil engine 
is 15 : 1, and the temperature of the air at the end of the suction stroke 
is 70° C. Assume that the actual law of compression is PV 1 ‘ 3 =con¬ 
stant, what is the temperature of the air at the end of compression ? 
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12. A vessel is exhausted of air to a pressure of 12 lb. per sq. inch 

abs., the pressure of the atmosphere being 15 lb. per sq. inch abs. The 
temperature of tho whole being that of the atmosphere (60° F.), a cock 
is opened and air allowed to rush in until the pressure is equalized. 
Assuming that no heat is lost to the walls of tho vessel, find the rise in 
temperature of the air within it. [Mech. Sc. Tripos, 1905.] 

13. If a quantity of gas expands isolhermally from pressure P 0 lb. 
per sq. ft., volume V 0 cu. ft., to a place where the pressure and volume 
become P x and Y x respectively, show that the work done in ft.-lb. is 
given by 

2*3026 P 0 VoLgxo y— 

V o 

14. A quantity of gas expands, the pressure (in lb. per sq. ft.) and 
volume (cu. ft.) being connected by the law PV n =^constant. The 
initial pressure and volumo being P 0 and V 0 and the final pressure and 
volume Pj and V x show that the work done by the gas is 

p o v o- p i v ' ft.-lb. 

n— 1 

Show also that the number of heat units received by the gas is 

p.v 0 -PiVi y- n 

j (r—i) («—i) 

and hence show that if the curve PV ;l — constant lies below the adiabatic 
curve passing through the point (P 0 , V 0 ), the gas must bo rejecting heat. 

15. A pound of air at atmospheric pressure and at 20° C. is to bo 
compressed adiabatically to 10 atmospheres. Find tho work done by 
the pump. The same result is arrived at by isothermal compression, 
cooling the air so that it keeps at 20° C., and when tho pressure reaches 
10 atmospheres it is heated at constant pressure. Take the specific 
heats of air as 0-238 and 0*1694. Stale separately the work done upon 
and by the air, and the heat taken from and given to it, all in ft.-lb. 

16. A cartridge containing 4 lb. of air at 1,000 lb. jjcr sq. inch (gauge 
pressure) and 15° C. is placed in the chamber of a gun behind a light 
frictionless piston fitting the boro of the gun. Tho cartridge is per¬ 
forated and the piston just reaches the muzzle of the gun. Calculate 
the final temperature of tho air and the volumo of tho gun, on the 
assumption that the air absorbs no heat from the walls of the gun. 
[Atmospheric pressure = 14-7 lb. per sq. inch.] 

[Mech. Sc. Tripos, 1912.] 

17. A torpedo air-chamber contains initially 90 lb. of air at a pressure 

of 1,700 lb. per sq. inch abs. and 15° C., and at tho end of the run the 
pressure is 500 lb. per sq. inch and the temperature 2° C. How much 
of the heat of the air which is left in the chamber has been abstracted 
from the sea ? [Mech. Sc. Tripos, 1911.] 

18. During the inflation of a balloon with hydrogen, the envelope 
breaks away when only § full. It rises in the air so quickly that there 
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is no t inso for heat to enter or escape i hnoigh tho envelope. What 
will ho tho tciupcrutare of tho hyilrnoon by (ho time it ban expanded 
Ha m to fill completely tho balloon, ami what will bo tho barometric 
height of tho iillitmlo at which this occurs ? 

Tomporut urn of !L on ground tur F, 

Barometric height on ground 110 inches of mercury. 

Bpeeifk boat at constant pressure of 1C dl*38. 

Bperilie heat at onnduut volume of H -2*38, 

19. A ruble ff»« »f of air at id mu •iphonc pmsMitro in compressed to 5 
atmoijtbi-roi mu-.ading to tho law PV 1 '^ 1 constant. Initial tempera¬ 
ture **U F. 

Find * 

fi) Work iloint during compression. 

(ti) ffmt twchcd or rejected. 

(iii} Finn! fcmjM'rnf urn and volutna 

2lb i bio pound of nit In at 2 ntimnpliant and at a tomporature of 
20 L\ I low many eu. ft. dona it fill I ft receives boat energy oquivu- 
bait t.4i lpn t fftlfi ft , lb., tin volume remaining constant. Find tho now* 
frirtf icmi nrci and fifftsstirtt, Tim moan specific boat at constant volume 
of the nir may hti taken an 017* 

2L Liquid find in burnt in tho air supply of a ctomproHHod air engine 
in tin* proportion of 1 lb. of fuel to 100 lb. of air, and tho arrangements 
imp mud* I hat flu* pro i *ure i i kept constant. Assuming that tho calorific 
value id tho liquid find is 20,000 ll.Th.U.’rt per lb. and that the specific 
fmitf #it niii.itmil, procure of products of combustion in the same as 
tbiil of air, vk., *238, what will bo tho toirgKiraturo of tho heated 44 air ” 
rntHmg tIm cylinder, if tho tertij watt try of air and fuel before com- 
hn^tioii wm iHF f*\ I 

22. Air i*^|Hindu under a piston from a volume of 1 cuu ft. and 
pp* sure .100!b. inch aim. to volume Soil ft, and pressure 40 lb. 

per i p inch iiIh, Assuming that tho pro mire and. volume vary during 
the mpmision munmlmg to the law constant, find tho heat 

lilt fibril in Il.TIi.tL 

211. A %m engine works with an ideal Hubatanco of constant »pooifio 
liMif, moving and rejectmg heat at constant volume and with adia¬ 
batic eMippriM Fm find expansion. Tho piston displacement per stroke 
p*. 1*2 im i. ft. mid the cliiiiriirico volume I) 15 on. ft. Cabulato tho thou- 
refic tlirfftfinl efliciffucy of the engine, taking y as 1*38. 

24* The cycle of operations in n gas-engine in m follows ■ 

(I) Qm k (mmprifmini from V *1-711 eu. ft. to VV-O*0 cu, ft. according 

to tint law PVM> 94 . jj, [p being tho prewuro in lb. per 

itff, Ifidrt.J 

(II) On explosion, tho pressure rises to 421) lb. per sq. inch, the 

volume rornaining constant. 

fill) Hxfianmon takes place till V -3*70 cmc© more, the law followed 

being P? 1 ^ const ant. 

(iv) Tito tftmmm Mis to its initial value* the volume remaining 3*70. 
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Draw out the PV diagram from those data and find tho mean 
effective pressure in lb. per sq. inch. 

25. A gas-engine works on an ideal cycle, with adiabatic compression 
and expansion, receiving and rejecting heat at constant volume. The 
piston displacement per stroke is 1 cu. ft., the clearance volume 02 
cu. ft., and at the beginning of compression the temperature of the 
cylinder contents is 600° F. absolute, tho pressuro being atmospheric. 
The engine receives 0-06 cu. ft. of gas per cycle (calorific value 600 
B.Th.U. per cu. ft.). Atmospheric pressure™ 14-7 lb. per sq. inch. 

Find— 

(i) Weight of cylinder contents. 

(ii) Pressure and temperature at end of compression [y—1-38]. 

(iii) Rise of temperature during explosion [neglect jackot loss and 

take C v =0*18]. 

(iv) Pressure at end of explosion. 

(v) Temperature and pressuro at end of expansion. 

(vi) Efficiency of the cycle. 

(vii) Efficiency of an engine working on a Carnot cycle between the 

same highest and lowest temperatures. 

[Mech. 8c. Tripos, 1906.] 

26. In a gas engine trial, tho curve of expansion was PV 1 ' 2 ™/; and 
of compression PV 1 ' 35 ^/^ The remainder of tho heat was received 
and rejected at constant volume. The highest and lowest temperatures 
were 2250° F., and 520° F. The piston displacement was 2-8 cu. ft. 
and the clearance 1 cu. ft. ; y=l*35. The initial pressuro was atmo¬ 
spheric. 

Find— 

(i) Temperatures at end of compression and expansion. 

(ii) Heat received and rejected during each operation. 

(iii) Efficiency of engine. 

27. An air-pump working in an airship takes air direct from the 

atmosphere where the pressuro is 10 lb. per sq. inch. The inlet valve 
closes at the completion of the suction stroke, and the pressuro is then 
just equal to that of the atmosphere. Tho mean pressuro in tho pump 
during the suction stroke is 2 lb. per sq. inch below that of tho atmo¬ 
sphere. Neglecting clearance, and assuming that no heat passes 
between the cylinder walls and the cylinder contents during the suction 
stroke, show that the volume of air (reckoned at external temperature 
and pressure) taken per stroke is 5-7 per cent, less than tho stroko 
volume. The volumetric heat of air may be taken as 19-5 ft.-lb. per 
standard cu. ft. [Mech. Sc. Tripos, 1913.] 

28. A single-stage compressor is used to maintain the pressure in a 
receiver at 1,500 lb. per sq. inch while air is being drawn from the re¬ 
ceiver. Compare the work done per lb. of air if the law of compression 
is pv l '3=Jc with that done if the compression is isothermal. Specific 
volume of air at atmospheric temperature and pressuro=13T cu. ft. 
per lb. 
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29. A building is to be heated by passing the air for ventilating it 
through a compressor which compresses it adiabatically, then throttling 
it down to atmospheric pressure on leaving the compressor. The air 
enters the compressor at 0° C. and leaves it at 25° C., and the flow of 
air is 80 lb. per minute. Calculate the power required (assuming unit 
mechanical efficiency). 

If the power thus usefully employed costs id. per k.w.-hour, com¬ 
pare the cost of heating thus with that when burning coal in a stove, 
the iron chimney of which passes through the air-duct and imparts 20 
per cent, of the heat of combustion to the ventilating air. The cost of 
coal is Odd. per lb. of calorific value 8,000 C.H.U. per lb. 

[Mech. Sc. Tripos, 1911.] 

30. Air is compressed adiabatically into a receiver of V cu. ft. capacity 
to m times the atmospheric density. Show that, if P be the atmo¬ 
spheric pressure in lb. per sq. ft., the work expended is 

p vj-mr-m +i -l ft lb . 

L y — 1 

[Mech. Sc. Tripos, 1904.] 

31. Show that when a perfect gas is wire-drawn from one pressure 
to a lower one, without any gain of kinetic energy, tho temperature is 
unaltered after expansion. 

32. In an ideal diagram of a Diesel engine, the gas is compressed 
adiabatically from volume to V 2 , then expands from volume V 2 to 
V 3 at constant pressure, further expands adiabatically from V 3 to V x 
and finally rejects heat at constant volume V v Show that the thermal 
efficiency may be expressed as 

X y-i Pi7 — 1 

1— W/ '^=1) 

V V-» 

where r=—i and • 

v 2 V 2 


33. If the gas-expansion law in a four-stroke cycle be PW = const, 
prove that the mean effective pressure is equal to 


»7(P »-Pi) 

(r-l)(y-l) 

where r is the compression ratio, 
r) is the air-standard efficiency, 
and' the pressure, on explosion, 
rises from P x to P 2 . 

34. The shaded area in the 
diagram represents a constant- 
volume cycle. If the expansion 



V 


b© continued to the point 4 

before exhaust, and if the line 01 be a constant-pressure line, show 


that the efficiency is given by 
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where B, is tho expansion-ratio and r the compression-ratio. 

35. Show that if the expansion in tho above figuro were contim 
until the pressure at point 4 were equal to that at point 0 (as in 
Humphrey pump), tho efficiency would be 


ri=l—y 


T 0 -T 1 

t 3 -t 3 


36. In a Diesel engino cylinder, boro 7 indies, the law of cc 
pression may bo taken as PY 1 ‘ 36 =const., whilst the compress 
pressure is 500 lb. per sq. in. (abs.) when the compression space ha 
volume of 40 cu. in. Show that to increase the compression press 
by a small amount, AP lb. per sep in., at tho foot of the connecting r 
a liner may be inserted of thickness (in thousandths of an inch) gn 
by about 1-6 AP. [Mech. Sc. Tripos, 1921. 



CHAPTER rn 


Combustion and Explosion 

Chemical Combustion—Dugald Clerk’s and Grover’s Early 
Experiments on Explosion in Closed Vessels—Discussion 
op Results—Increase op Specipic Heats op Gases—Dissocia¬ 
tion—“ After-burning ”—Later Explosion Experiments— 
Time op Explosion—Turbulence—Gaseous Explosions Com¬ 
mittee. 

44, Chemical Combustion, —Instances of chemical com¬ 
bustion are manifold. Two among the commonest are the 
burning of coal, and the oxidation of the carbon in food which 
is the source of the heat energy given out by the human body. 
In place of coal, it is possible to burn gas made from coal and 
so obtain either heat or light. In a gas engine cylinder, gas 
and air are. first mixed together and the whole mass ignited 
at once, so that the union is explosive. Useful figures to 
remember are that 1 lb. of coal on being burnt will liberate 
about 12,000,000 ft.-lb. of energy, a cubic foot of coal gas 
will liberate about 550,000 ft.-lb., 1 lb. of petroleum about 
18,000,000 ft.-lb., and 1 lb. of petrol some 15,000,000 ft.-lb. 
These are very large amounts, and were it possible to invent 
a heat engine of 100 per cent, efficiency it is plain that a very 
liberal supply of energy would be obtainable at little cost. 
With existing engines 1 lb. of eoal with potential energy equal 
to 12,000,000 ft.-lb. will only give in energy on the brake 
about 3,000,000 ft.-lb. with the best steam engines and 4,500,000 
ft.-lb. with the best i.c. engines , the waste energy being 9,000,000 
ft.-lb. and 7,500,000 ft.-lb. respectively in the two cases. 

The loss of 7,500,000 ft.-lb. which occurs in an i.c. engine 
is divided between the loss to the water in the cooling jacket 
and the loss which occurs owing to the exhaust products 
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being at a high temperature and so carrying off a large Unutil¬ 
ized portion of the heat. The Joss to the cylinder walls is the 
more difficult to follow in all the intricacies of the working 
cycle. The cooling jacket is necessary,* as without it the 
piston and cylinder would get almost red hot and the engine 
would stop running. The temperature-flow through the 
metal depends on the position of the piston in its stroke, but 
it is difficult to determine the precise relationship. 

45. If, after a charge of gas and air has been drawn into 
a gas engine cylinder, the flywheel be held so that it cannot 
move and the charge be then ignited, a rapid rise of pressure 
is recorded on the indicator. It ought, one might think, to 
be easy to calculate what this rise would be, since the quantity 
of gas and air admitted and their quality are easily deter¬ 
minable and the amount of thermal energy liberated is there¬ 
fore known. If this amount of energy be divided by the 
amount of heat required to heat the mixture through one 
degree Cent, it is clear that the resulting temperature would 

PV 

be ascertained, and from this it would be simple by the-j aw 

to determine the resulting pressure. This had often been 
done, hut it had always been found that the pressure actually 
obtained was only about one-half that calculated. Here are 
the actual figures obtained in some experiments carried out 
many years ago by Dugald Clerk— 


Ratio air /gas 


Absolutes Pressure 
Obtained 


Absoluto I’ressuro 
Calculated 


lb. per sq. inch 


lb. per sq. inch 
110 
116 
12:i 
132 
101 
190 
214 
206 
196 


Except in cases where a cooling air blast is provided. 
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On an average there appears here to be a loss of as much 
as 50 per cent, of the pressure. Why is this ? 

46. Several explanations have been put forward to account 
for this loss. The most important are— 

1. The Dissociation Theory. —It is well known that chemical 
compounds such as H 2 0 or C0 2 dissociate at high temperatures 
into simpler gases and in so doing absorb heat. It has there¬ 
fore been thought that at the high temperatures of explosion 
such dissociation would occur and the heat so absorbed might 
account for the missing 50 per cent. This assumption, how¬ 
ever, involves the deduction that for weak explosions, in which 
low pressures and temperatures were attained, the effect should 
be much less, so that the actual pressure would form a much 
larger proportion of the calculated pressure, and the converse 
in the case of rich mixtures. As a glance at the above figures 
will show, this, however, is not the case ; at the weakest 
mixture of 1 to 14 the missing pressure is 50 per cent., and 
at the richest of 4 to 1 it is 52 per cent., or practically the same. 
This theory alone therefore does not suffice to account for 
the observed facts. 

. 2. The Cooling Theory. —This assumes that the cooling 
effect of the cylinder walls is so great that the pressure actually 
obtained must fall much below the ideal calculated. It 
does not explain, however, why the loss should be always 
50 per cent, in the particular cylinder used, nor, moreover, 
does it explain why a 50 per cent, loss is found still to occur 
even when a cylinder of a different size and shape is chosen. 
So that this theory also is inadequate in itself to explain the 
observed effect. 

3. The Increasing Specific Heat Theory. —This is the theory 
advanced first by MM. Mallard and Le Chatelier, who found 
as the result of their experiments that the specific heat of gases 
and particularly of C0 2 appeared to increase considerably 
with rise of temperature. The objection commonly alleged 
against this theory is that, as in the Dissociation Theory , it 
requires that a greater proportion of the ideal pressure should 
be obtained at lower temperatures than at higher, and that 
this is not found to be the case. 

4. The After-burning Theory. —This theory has chiefly 

E 
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been associated with tlie tvainc of TLig<ilcl ( lork, who sug¬ 
gested that the combustion of the gas was not as rapid as 
supposed and that not all the heat was liberated before the 
■moment of highest pressure. It assumed in fact that the 
gas was still burning long after the point of maximum pressure 
and that the cooling effect of the walls had therefore a much 
longer time to operate than had been generally supposed. 
In an actual gas engine this would mean that the gas would 
be burning right through the working stroke, and that it must 
sometimes happen that unburnt gas would pass away in the 
exhaust. The objection to this theory lies in the fact that 
it has never been shown conclusively that the explosion is 
not complete at the point of highest temperature. Indeed 
the evidence is rather the other way. It is not usual to find 
that the exhaust contains more than a very few per cent, of 
unburnt gases, and it has moreover been shown that a com¬ 
plete heat balance analysis can be obtained without the need 
of any such hypothesis. 

47. Thus there are four simple theories, of which none 
appear to be sufficient in themselves to account for the observed 
loss. The difficulty is so fundamental a one that still further 
theories compounded of the above have been put forward. 
Dugald Clerk made the suggestion, as will be explained later 
at greater length, that the “ suppressed ” of) per cent, may be 
accounted for on the supposition that part is due to the after¬ 
burning loss and part to a certain increase in specific heats. 
The author has seen no reason to modify the suggestion he 
put forward at the meeting of the British Association * in 
1902, viz. that the so-called “ suppression of temperature ” 
is probably due to the combined action of cooling and of 
increase of specific heat on the lines suggested by the French 
physicists, MM. Mallard and Le Oh atelier. Although the 
increase of specific heat left a larger proportion of loss to be 
accounted for at low temperatures than at high ones, this 
was sufficiently explained by the fact that the ignition period 
was much longer at low temperatures and so allowed the cool¬ 
ing effect to have a longer time for action than it would have 


* The Engineer, October 10, 1902 ; Engineering , October 10, 1902. 
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at high temperatures. This meant that for weak mixtures 
the 50 per cent, loss was mainly due to cooling, for rich mixtures 
mainly due to increase of specific heat, and for intermediate 
mixtures was due to a combination of the two. 

Dugald Clerk’s early experiments consisted in indicating 
explosions of mixtures of air with Glasgow and Oldham gas 
in a closed cylinder 7 in. hy 8£ in. The indicator registered 
pressure p on a rotating drum driven at a known constant 
speed, so that curves were obtained showing the relation 
between p (pressure) and t (time) during the explosion and the 
subsequent cooling of the gas to the walls and ends of the 
cylinder. From the diagrams so obtained it was of course 
possible to measure the time occupied hy the explosion, and 
the subsequent rate of fall of pressure due to cooling. At the 
time these experiments were made the specific heat was thought 
to be constant and it is important to note how greatly its 
now known increase with temperature affects the calculated 
pressures, particularly if for the moment MM. Mallard and 
Le Chateliex’s figures be adopted. That there are objections 
to the method of experimenting by which the Trench physicists 
obtained their results is well known. In fact Prof. Callendar 
has remarked: “The method of experiment employed was 
closely analogous to the explosion that was taking place in 
the gas engine itself. Explosive mixtures were fixed in a 
closed cylinder 17 in. by 7 in., and the maximum pressure 
was read by means of a Bourdon gauge.’ 3 Since the date of 
their experiments other measurements have been made, and 
these will in due course be discussed; but the increase of 
specific heat with temperature is undoubted, and for the 
present purpose MM. Mallard and Le Chatelier’s figures are 
taken as illustrative. If the theoretical temperature of 
explosion is calculated from these values the difference from 
the observed value is much less. Thus a column may now 
be added to the table last given and the results are also shown 
in Fig. 15. 

It will be seen that in the case of the weakest mixture the 
50 per cent, loss has been reduced to 34 per cent., and in the 
case of the richest 52 per cent, has been reduced to 2 3 per cent., 
showing a step in the required direction. The balance is 


), 1902. 




Points marked 0 are Dugald Clerk's Results. 
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takes place at all temperatures ; the radiation loss on the 
other hand is important only at the moments of highest 
temperature. Prof. Hopkinson has shown that the cooling 
losses depend also on the state of the inner surface of the 
vessel, whether bright or blackened. 

The law of cooling of gaseous mixtures enclosed in metal 
cylinders of stated dimensions is not easy to apply to the case 
of ordinary gas engines. First, because the connexion between 
the rate of loss of heat and the dimensions of the cylinder is 
very complicated, hut even more because in an ordinary gas 
engine cylinder the temperature of the cylinder walls and of 
the piston are so very different that conditions sometimes 
arise in which while the gas is being heated by the piston it is 
at the same time being cooled by the cylinder walls, a condi¬ 
tion of affairs in no way analogous to that holding in the above 
experiments. 

48. Grover’s Explosion Experiments. —At the time these 
calculations were made the only other well-known experi¬ 
ments upon the explosion of gases inclosed vessels were those 
of Grover, and at the British Association meeting in 1903 
an endeavour was made to show how far the combined variable 
specific heat and cooling theory would go towards explaining 
the very remarkable results obtained by Grover, which in no 
way resembled those obtained by Dugald Clerk, inasmuch 
as the former found much lower pressures and came to the 
unexpected conclusion that the retention of waste products 
in a gas engine cylinder increased the pressure of the ensuing 
explosion, an astonishing result having regard to the great care 
taken by most gas engine manufacturers to sweep out the 
greatest possible amount of the products of old explosions. 
The great difference between the maximum pressures obtained 
by Dugald Clerk and Grover is illustrated in Eig. 16. 

It was Grover’s idea not only to measure the pressures 
produced by various richnesses of mixture of coal-gas and 
air, but to investigate whether the resultant pressure on 
explosion was affected by replacing the air in excess of 
that calculated as chemically necessary for complete com- 
bnstion by a portion of the bnrnt products of the previous 
explosion. Now it appears from Grover’s account of the 
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experiments that ho had an iron cylinder of one cubic foot 
capacity, and that in each series of experiments the volume 
of the coal gas admitted was kept constant and the cylinder 
was then filled with a mixture of air and waste products in 
various proportions. This was done in each series by filling 
the cylinder with water, and allowing gas to enter whilst a 
known volume of water was run out. Thus after an explosion 
water was allowed to pass info the cylinder until all but the 
required volume of burnt products had been forced out; so 
that if it were desired that no burnt products should be left, 
the cylinder would be completely filled with water, but if, say, 
50 per cent, of the volume of the cylinder was required to 
contain burnt products, the water would only be permitted 
to rise half-way up the cylinder. 

The pressure was recorded in the customary manner on 
a rotating drum, but very few of the curves are given in the 
published account of the experiments, and it is therefore 
difficult to make a very exact comparison between the time 
rate of fall of the pressure after explosion in Grover’s experi¬ 
ments (using, of course, those experiments in which no burnt 
products were admitted) with those of Dugald Clerk. 
However, so far as the curves can be examined, they show for 
the same pressures almost exactly the same rate of fall, a result 
which is the less unexpected, as the diameters of the two 
cylinders appear to have been nearly equal. 

JPrt.'SHim' ('nlculiit <*(1 
(Ab.snL) 

73 
76 
79 
83 
92 
104 
119 

The curves (p. 55) show the actual pressures plotted with 
respect to richness of mixture for the experiments of both 
investigators. It is seen that Grover’s curve lies far below 
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Dugald Clerk’s. This cannot be due entirely to the different 
cylinder volumes used (317 and 1,728 cubic inches), or to 
differences in the chemical constitution of the gases, because, 
as will be seen from the intermediate curve, there is little 
disagreement between the results obtained by Dugald Clerk 
and by Douglas, although the results * obtained by the latter 
were for gases enclosed, not in iron cylinders, but in a eudio¬ 
meter tube. If the use of a eudiometer does not produce 



Fig. 16.—Explosion curves showing much lower pressures obtained by Mr. 
(Jrover than by other observers. 


results more different from Dugald Clerk’s than this, the pre¬ 
sumption certainly is that some factor must have entered 
into Grover’s experiments which had entirely masked his 
results. A suggestion as to what this factor could be has been 
made by Grover himself, for in describing one experiment 
he says : “The difference is no doubt due to the fact that 
water was present on the walls of the cylinder ” ; but Grover 
did not consider apparently that this presence of water affected 

* See The Engineer, April 22, 1887, and November 7, 1902. 
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his conclusions on the subject generally conclusions which 
arc sob forth in his Modern, (Ja,s and Oil Hnijrncr. 

49. Later Experiments.- In addition to the early experi¬ 
ments of Dugakl (Herk and (trover, some work in the same 
direction was done at the Massachusetts institute of Tech¬ 
nology, but it docs not appear that any- definite conclusions 
were drawn therefrom. Later experiments have been made 
by Dugald Clerk, Hopkinson, and Bairstow and Alexander 
at the Royal College of Science. Taking t he last first: 
Bairstow and Alexander’s experiments were made on mixtures 
of London coal gas and air in a cylinder 1 S in. long and 10 in. 
in diameter, pressures were indicated on a rotating drum, 
and the results of the investigations were communicated to 
the Southport meeting of the British Association in 1003, and 
to the Royal Society two years later. The chief interest of 
these tests lies in the fact' that various initial pressures were 
used, instead of the atmospheric initial pressure used by 
earlier experimenters. The following table gives a selection 
from their results— 

Royal College or Science Kxitiriments. Bxplosions in 
Closed Vessel; Various Initial Pressures and two Mixture 


Strengths 








(nil ial 

| 

i 

: Max. Press. 

Tima to 

Mixture 


Pressure 

* Initial 

(ih;»<*rvi*<l 

reach thin 



Jk par 

Tump. 

Ih. per 

prassura. 

1 


s<|. in. 

U C. 

Kip in. 

sacs. 

Air 

Gas 

| nks. 


abs. 


/i 

0-1 (>0 

! <*4-8 

23*5 

348 

0-012 

i 

0-172 

34*5 

22 

270 

0-04.1 

li 

0-170 

24*7 

| 21 

189 

0-041 


0-108 

14*55 

| 21 

112 

0-030 

i 

0-100 

9*71 

1 24*5 

08 

0-05 

n 

0-100 

7-18 

; 24 

i 

47 

0*10 

e 

0*103 

44*7 

j 

< 10*5 

238 

0-33 

i 

0-105 

34*0 

18-0 

185 

0-35 

ii 

0*104 

24-7 

20*0 

120 

0-4 1 

■ i 

0*107 

14-4 

1 21-0 

74 

! 0*44 

i 

0*104 

9-5 

1 21*5 

40 

0-50 

a 

0*107 

7-GO 

22*0 

33 

; 0-50 
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Details of these experiments will be found in Dugald Clerk’s 
book on The Gas Engine, Vol. I. It is left as an exercise 
to students to compare these explosion pressures with those 
theoretically obtainable, taking the Gaseous Explosions 
Committee’s figures for specific heats. 

50. Turbulence. —In 1900 Dugald Clerk measured the 
time occupied in the explosion of coal gas and air from 
the moment of ignition to that of maximum pressure. The 
following were some of the times for various ratios of air to 
gas. 


Volumes of air to one 
volume of gas 

Tim© of explosion 

11 

0-290 sec. 

9 

0-155 „ 

7 

0-067 „ 

6 

0-055 „ 


These figures were obtained from explosion experiments in 
closed vessels in which the mixture before explosion was at 



Fig. 17. —Indicator diagrams showing effect of Turbulence. A B is explosion 
curve when charge is fired on first compression stroke ; duration of 
explosion 0*037 second. C D is explosion when charge is fired upon the 
third compression.; duration of explosion 0*092 second. 


rest. They may be compared with those in the table on 
p. 56. When the mixture is turbulent the time of explosion is 
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very much shorter. In a working gas engine for instance the 
times of explosion are murh less than any of the above figures. 
Indeed did the explosion take as long as in the above table, the 
working of the engine would he quite impossible. A small gas 
engine can be made to run at (>00 r.p.m. so that each stroke 
occupies only 0*05 sec., and the explosion is usually completed 
in quite a small fraction of the stroke, winch shows how much 
more rapid the explosion must he when there is turbulence. 



The effect of turbulence is well shown in Fig. 17, which is 
reproduced from some indicator cards taken by Dugald Clerk. 
In the one case we have the normal diagram produced by 
normal ignition arrangements, whilst in the other the turbu¬ 
lence which the gaseous mixture had during the suction 
stroke has intentionally been given time to die down before 
the spark is passed. The effect of this delay is seen in the 
changed diagram, which illustrates clearly the continuance 
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of combustion throughout the whole length of the expansion 
stroke. 

51. Hopkinson. —A series of explosion experiments was 
undertaken by Prof. Hopkinson and communicated to the 
Royal Society in 1906. The vessel is shown in Fig. 18. A 
is the sparking point, B, C and D are platinum thermo¬ 
meters. Thermometer B is practically at the centre of the 
vessel, C is about 30 cm. distant from the spark and D is about 
1 cm. from the walls of the vessel. A record of the pressure 
was taken on the same drum as that upon which the tem¬ 
peratures were electrically recorded. The indicator* was 
very simple, consisting as it did of a piston controlled by a 
flat steel spring held at the two ends. As the spring was 
deflected a mirror tilted and so threw a beam of light on to 
the moving film. The period of the instrument was about 
_i__ S ec. Fig. 19 shows the result obtained in the form of a 
graph. The following table serves also to show the actual 
indications recorded by the electric thermometer placed at 
the centre of the vessel:— 


Time 

Secs. 

Resistance 

Ohms 

Rise of Resistance 
Ohms 

* 

Temperature in 

Degrees C. 

0-008 

22-05 

12-4 

560 

0-024 

30-3 

20-7 

995 

0-041 

32-7 

23-1 

1,135 

0-057 

33-1 

23*5 

1,165 

0-074 

33-1 

23-5 

1,165 

009 

34-0 

24-4 

1,225 

0107 

34-5 

24*9 

1,260 

0-123 

34-7 

25-1 

1,275 

0-140 

34-7 

25*1 

1,275 

0-173 

36-6 

27-0 

1,400 

0-26 

wire melts 


1,710 


An investigation had also to be made into the question of 
the existence of a time and temperature lag in the temperature 
recorded by the thin platinum wire. Prof. Hopkinson found 
the temperature of the wire to lag materially behind that 
of the gas when the latter was changing rapidly. To measure 
this, wires of two different thicknesses were used, viz. T1> Vo 

* See Fig. 40. 
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in. and n in. respectively, and by a c< an pa risen of t-l* e 
results obtained Prof. Hopkinson was able to liml the 
of the correction which he considered it neee^ary to employ- 
The most important of the conclusions reached by tl* is 
experimenter, who. he tells his readers, canied out those 
experiments, largely “ with the object of finding the eai^so 
of the so-called ‘ suppression of heat * in explodoiwX i> 
his experiments appear to prove that eren in tin vra Jcesi 
mixtures, combustion, when once initiated at any point, is almost 



T ifTi e 

Wm. 19L 

instantaneously complete. Moreover, he adds, they show 
that the specific heat of the products is very much greater* &,t 
high temperatures than at low, and the extent of the difference 
seems to justify the view that it is the main reason of the so- 
called “ suppression of heat.” 

52. In addition to these conclusions Prof. Hopkinson found 
certain differences in the temperature of the gas in different 
■parts of the vessel, and this supports the results obtained by 
Prof. Burstall in his gas engine trials for the Institution of 
Mechanical Engineers. In experimenting with a rich mixture 





chap, hi] COMBUSTION AND EXPLOSION 


61 


(air/gas = 9) Professor Hopkinson found that at the moment 
of maximum pressure the distribution of temperature in his 
vessel was roughly as follows— 

Mean temperature (inferred from pressure) . 1 , 600 ° C. 

(a) Centre near spark ..... 1,900° C. 

(b) 10 cm. within the wall (C, Fig. 11) . . 1,700° C. 

(c) 1 cm. from wall at end (D, Fig. 11) 1,000 to 1,300° C. 

{d) 1 cm. from wall at side .... 850° C. 

It is explained that “ at points a , b and c the gases can 

have lost but little heat at this time, and the differences of 
temperature are almost wholly due to the different treatment 
of the gas at different places. At (a) it has been burnt nearly 
at atmospheric pressure, and compressed after burning 
to about 6i atmospheres absolute, while at (c) it has been 
first compressed to about six atmospheres as in a gas engine, 
and then ignited without any subsequent compression. At 
the point ( d ) much heat has been lost, since this is the first 
point on the wall reached by the flame ; the gas here is ignited 
when the pressure is about two atmospheres, its temperature 
rises instantly to 1,300° C. and at once begins to fall.’ 5 

Hopkinson showed that during explosion the gradually in¬ 
creasing pressure at the point at which the ignition started 
led to a hot spot at that point. The temperature was higher 
the more rapid the burning and highest in the case of the ex¬ 
plosive burning called detonation. This leads to the ignition 
points becoming red hot and consequent pre-ignition in subse¬ 
quent revolutions. Since pre-ignition has a disastrous effect 
on the thermal efficiency of internal combustion engines, it is 
very necessary to prevent detonation ; moreover, the shock on 
the engine itself of the detonation wave—“ knocking ” or 
“ pinking ”—is in itself undesirable. (The cause of detonation 
has long been a subject of discussion ; its origin is obscure and 
its relationship to change of fuel composition is doubtful. 
Tizard * suggests that detonation will occur only if, some 
time before combustion is complete, the whole or part of the 
gas exceeds a certain temperature, different of course for 
different fuels.) Finally it may be recorded that Professor 
Hopkinson in comparing the behaviour of rich and poor 
* N.E. Coast Inst, of E. & S., May, 1921. 
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briniiL in the !» ’1 mixture this state R. of . u::a:u£*<i 

\ ai v iniieli >ooiier. The difference in the behaviour i t bra * weevil 
aiai strong mixtures is wholly clue to the very 4o prop^ - - 
aniion of fame in the former: in a t» 1 mixture the: Raixxo 
-eeiim to travel about ten timesasfast a-, in the 3- 1 mixture.*’ 
lb Te-sor Hopkiiwm has also measured the temp* ratur© 

■ .f the air in a cylinder when the engine R turned by an elect rio 
mm-m The air R then compressed and expanded ahriosst 
a IbbutEallv. It was found that at the top of ecpre-^Ion 
bv temperature of the air half a centimetre from the wall was 
Mime :>o deg. Cent, less than it was in the centre. At p, >iivts 
nearer the wall, that is, within 1 mm. the temperature fell 
off very rapidly — although still materially above that of five 
wall face even at a distance from it of only y, nun. 

58. The “Zig-Zag” Experiments.—In Rhm; Dugnld (lexbk 
communicated to the Royal Society the re>ult* of -nme explo¬ 
sion experiments lie had made by a new method to deter inline 
the volumetric heat of the gaseous mixture used in the gas 
engine. According to that description this coii"Rte«l in 
running a gas engine under the ordinary standard wand it ions, 
and then at a given moment preventing the exhaust and 
inlet valves from opening, and at the same time taking a series 
of indicator diagrams. These diagrams showed a mimljor 
of expansion and compression curves with the pressures 
gradually falling as the gas cooled. Fig. 20 is a represent at ion 
of a series of curves so obtained. From the shape of sueli 
curves it is possible to calculate what is occurring to tlxo 
gas in the cylinder. The following explanation of the method 
is given in the First Report of the E. A. Gaseous Explosions 
Committee : “The calculation is based on the assumption 
that the total heat loss from the hot gases during any giv~on 
portion of a stroke is the same in expansion and compression 
if the mean temperature he the same. In the first compression 
the temperature of the gas rose to about 1100 C. cat tlxo 
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point C, Fig. 20). During the first three-tenths of the following 
expansion stroke (CD), the temperature fell to about 700° C. 
The work done in this part of the expansion was measured 
and the heat loss determined as above was added. Thus the 
change of internal energy corresponding to the temperature 
change 1100°—700° is obtained. The average volumetric 



heat over this range is within the errors of experiment equal 
to the volumetric heat at the mean temperature of 90O C C., 
which accordingly is by this method determined direct instead 
of by difference, as is necessarily the case when (as in some 
other experiments) the whole internal energy change associated 
with complete cooling of the gas is measured.” 

The volumetric heat figures'thus found by Clerk are given 
in the following tables. 


Volumetric Heat (Instantaneous) of Working Fluid. 


Temperature 

• 

Volumetric Heat 

Temperature 

Volumetric Heat 

Degrees C. 

Ft.-lb. i 

Degrees C. 

Ft, -lb. 

0 

19-6 ii 

800 

; 26*2 

100 

20*9 

900 

26*6 

200 

22*0 

1,000 1 

26*8 

300 

23*0 

1,100 ! 

i 27*0 

400 

23*9 

1,200 ! 

27*2 

500 

24*8 

1,300 

27*3 

600 

25*2 

1,400 

27*35 

700 

25*7 

1,500 

27*45 
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Mean Volumetric Heat of Working Fluid over Temperature 

Range shown 


Temperature 

Volumetric Heat ! 

[i 

' Temperature 

Decrees 0. 

Ft.-lb. 

Degrees C. 

0—100 

20-3 

0—900 

0—200 

20-9 

0—1,COO 

0—300 

21*4 

0—1,100 

0—400 

21*9 

0—1,200 

0—500 

22*4 

0—1,300 

0—600 

22*8 

0—1,400 

0—700 

23*2 

0—1,500 

0—800 

23*6 

“ 


, Volumetric Heat- 

Ft.-lb. 

23-9 

24*1 

24*4 

24*6 

24*8 

250 

25*2 


It will be observed from the above that although the appar¬ 
ent specific heat was found to increase with rise of temperature* , 
it tended towards a limiting value. The increase found for 
the first 500° C. w^as far more than for the last 500°. This 
conclusion does not quite accord with the experiments of 
other workers. 

54* Gaseous Explosions Committee —This Committee was 
appointed by the British Association in 1907 £e for the Inves¬ 
tigation of Gaseous Explosions, with special reference to Tem¬ 
perature” No other work has thrown so much light upon the 
theory of the internal combustion engine as have the labours 
of this Committee. One of the first tasks undertaken was su 
thorough sifting of the experimental work bearing on the rise* 
of specific heat of gases with temperature. This experimental 
work was divided into three classes :— 

(1) Constant-pressure experiments : Regnault, Wiedemann, 
Witkowski, Lussana, Holborn and Austin, Holborn and Hen¬ 
ning. The gas is heated from, an external source in these 
experiments, and is at atmospheric pressure. 

(2) Experiments in which both volume and pressure are 
varied, the gas being heated by compression. The above 
mentioned experiments of Clerk and the determinations of the 
velocity of sound in hot gas by Dixon and others belong to 
this class. 

(3) Constant-volume experiment. To this category belong 
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The following table gives the actual values. 


Temperature 

0 „ 

Volumetric heats 

Deg. Cent. 


Ft.-lb. per standard cu. ft. 

250 

0-19 

21 

750 

0-23 

24 

1250 

0-27 

28 

1750 

0-30 

33 


Although these values refer to the expanding gases in a gas 
engine, they may also be applied with approximately correct 
results to the gaseous mixture before explosion. Using this 
table it is possible therefore to estimate temperature rises 
corresponding to various amounts of heat energy supplied. 
The temperatures so estimated will, of course, only be approxi¬ 
mately correct, unless the temperature range happened to be 
centred around one of the above temperatures. It is in¬ 
teresting to compare this table with that on p. 63. 

54a. Recent Experiments.—Closed vessel explosion experi¬ 
ments were also made at Cambridge by W. T. David.* His 
apparatus is shown in Fig. 21a. The vessel consisted of a cast- 
iron cylinder 30 cm. in diameter and 30 cm. long. Its volume 
was 0-788 cu. ft. The mixtures were ignited by means of 
an electric spark in the centre of the vessel and the pressures 
recorded by a Hopkinson optical indicator which reflected 
a spot of light on to a revolving photographic film. The 
radiation was measured by a platinum bolometer on the far 
side of the fluorite plate : fluorite was chosen because it is 
transparent to radiation of the wave lengths emitted by hot 
gaseous mixtures. The rise in electrical resistance of the 
bolometer, measuring the heat received, was noted by means 
of a reflecting galvanometer which reflected a spot of light 
on to the same rotating film as was used for pressure recording. 
Fig. 21 b shows the nature of the information thus obtained. 

David concluded from these experiments that mixtures 
of coal gas and oxygen produce much lower pressures when 
mixed with C0 2 than when nitrogen is the diluting gas. The 
CO a also slows down the rate of combustion. David suggests 
* Phil. Mag., 1920. 
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that thi* HlVci may be aerounted for by tin* hypo!henm that 
flu* \ ibratury degrees of freedom of tlu* inert ('O a molecules 
rapidly absorb energy from the freshly formed molecules, 
which jmxnenH at tin* moment of formation a considerable 
pxwm of vibratory energy over and above the amount which 



SCALE JJ 

Fm. 2U. 

I la*v would posses aider equilibrium conditions corresponding 

to tin 1 gas temjierattiro. 

In tIn* riiM* of nn ideal gun, the intermit energy, defined m 
Ji \ rfV, m a pure temj*ernt ure function, If dissociation takes 
place, flu* titferttiil energy depends upon the pressure and 
\oIume m well m on the teiiiperiit.nriL 

The interim! energy of n gun consists of translational, rotar 
tiniiiii and vibratory energy of the molecules. The vibratory 

energy is the source of radiation* while ffttt translational 
energy define* ttoffi teni|*erntttn* mid pressure. 

If tin* gn.fi j* in chemical and thermal equilibrium, there 
will exist ii definite relation lietween th© various kinds of 
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ROT or EMISSION Of RADJATIOW.I 
CALORIES PER SQCM.PEft SEC. 


O* 4* Ol O 

RAD! ATiOM - CALORIES. SQ. CM. 

Fig. 21b. —David’s curves for gas temperature (suffix r), total radiation 
(suffix n), and rate of radiation (dotted) for three different 
mixtures. 

molecular energy. If the chemical equilibrium is destroyed, 
as in the case of an explosion, the partition of energy between 
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t!i<‘ \ i'*M • kind nf nitilccul.tr freedom uill also Ik* changed. 
Ati-r • M*l‘' i"n, .< new (-hciiiic.il and lli«*nnal equilibrium "will 
!»• alt.imrd, The question now arises : Is ihe rain of change 
«-t energy partition of the molecules sufficiently rapid to ensure 
molecular equilibrium the instant the explosion is finished, 
i e, maximum pressure reached ; I'Voin a, study nf the radia¬ 
tion emitted by an exploded charge. Prof. David (mines to 
the conclusion that the rati* of change of energy partition 
i- ^ttlheiently rapid to keep time with the explosion; at 
the moment of maximum pressure an undue proportion of 
the chemical energy is ahsoriied into rotational and vibratory 

• neigx, | la* translaf ional energy t hen sutlers aial it is only 

duriiiv the subsequent expansion that true equilibrium is 
attained, the vibratory and rotational energy being handed 
hack a- pre -urc energy. 'I’lie gas, therefore, without dis- 
-ot i.i tin*' in the i hemical .sense, (*xliihits certain characteristioH 
of di- "I i. it ion in so far that both the maximum pressure and 
suh'.cipient rate of cooling are reduced. The experiments 
-O far on,ducted are not .siiHicieutly Conclusive as to the 
magnitude o{ this e)h*rt. In practice, the energy ehang<*H 
dur* to di oi'i;itn,n are probably very much greater than any 
[to -ibl*- » fleet of want of equilibrium in (he various kinds (if 

liinSiT f|jbi ♦iHT^y, 

&4b. Pier and Bjerrum’s Experiments. The difficulty 

in * led* • experiment, in f he eorreet. esfimation of the heat 

1 * 1 . - doling I ompre. ion ami expansion. Moreover the method 

i luuHi d to iuaviiuuiu teiiijwrattire of the order of 1,500'’ (f. 
’Dare j troll:' evideme that, under full load conditions tho 
fpin|#ri4f»ir in im iuftwmtl rombuHthm ongino in 

* * *u -pIm* iltji tfyiii tliiH, Fort tmafoly oxporintontK 

< out In iVr •mmI lijiTrimi in IVofonnor Nomsfs Inborn- 

f*ay Lai*’ r«tn* it|* iaLIv fxlpiitlnif knowincigo of tho Hpndfio 

Lt'af *A at foiiifiomf un*s, Morn or lmn roliabln 

data aiv now a\ tip to .4,000 C !, At* thoHO high tono 

nr*'A Ifoili fAirlfoii thumb mill Mount dissociate*, whiles 

awl u\yi*i*n arc ti«it, appreciably affected. The 

4in , i ,r<i «ii** ion ih'|j<*fH |m on tin* pressure im w<tl 1 an on 
list* i#'ffiffir? 4 !no ; r * i ? , 4|#j#iirriit from tho following table taken 
fi'uin IVr iiiifl ll|f-rriiinLf4 results. 
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co 4 

Pressure (Atmospheres) 


Temperature 



0*1 

l 

10 

I 100 

1,500° O. 

•1 

*05 

•02 

•01 

2,000° C. 

4-4 

2*05 

•96 

•45 

2,500° C. 

33-5 

17-6 

8-63 

4-09 

3,000° C. 

77-1 

54-8 

32-2 

16-9 



h 2 o 



1,500°C. 

•04 

•02 

•01 

•004 

2,000° C. 

1-25 

•58 

•27 

•125 

2,500° C. 

8-84 

4-21 

1-98 

•927 

3,000° C. 

28-4 

14-4 

7-04 

3-33 


The degree of dissociation in the above table is expressed 
as a percentage. Thus at a pressure of 0T atmosphere and 
a temperature of 3,000° C., 77*1 per cent, of the C0 2 originally 
present has split up into its constituents CO and 0 2 according 
to the equation 

* 2C0 2 =2C0+0 2 . 

Under similar conditions steam would only dissociate to the 
extent of 28-4 per cent. The dissociation of steam and carbon 
dioxide absorbs a certain amount of heat. As the gases 
recombine on expansion, this heat is again set free. The 
adiabatic of a dissociated gas thus differs considerably from 
that of a gas which does not dissociate. The composition 
of the working substance in an internal combustion engine 
will thus generally alter during the working stroke and the 
alteration will be greatest in the case of strong mixtures. 

Pier and Bjerrum were the first who clearly separated the 
heat changes due to dissociation from those due to changes 
in temperature. Their specific heat values as given in the 
following table are thus “ absolute 55 values compared with 
the “ apparent ” values obtained by previous experimenters. 
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Mean Volumetric Heats in Foot-Lb. per Cubic Foot. 
(No dissociation.) 


100° 0. to 

500° C. 

1 , 000 ° c. 

1,500° C. 

2,000° C. 

2,500° C. 

3,000° C. 

Nitrogen 

20-5 

20*9 

21*8 

22*8 

23*8 

25 

Steam . 
Carbon 

24-7 

27*5 

30*2 

33*4 

38*4 

44*4 

Dioxide 

32-7 

37*8 

39*9 

41*6 

43*1 

43*4 


Using the above figures, the instantaneous values of the volu¬ 
metric heats of the Clerk gas mixture have been calculated 
by Mr. W. J. Stern, first assuming no dissociation and secondly 
bringing in the amount of dissociation according to Pier 
and Bjerrum’s experimental data. The figures of the Gaseous 
Explosions Committee have been added for comparison (see 
p. 66). 


Temperature 

Volumetric Heat in ft.-lb. per cu. ft. 

No dissociation 

With 

dissociation. ; 

G.E.C. 

Deg. Cent. 

250 

21 

21 

21 

750 

24 

| '25 

24 

1,250 

27 

29 

28 

1,750 

30 

33 

33 

2,250 

33 

37 

_ 

2,750 

37 

42 

— 


It will be seen that the effect of dissociation only becomes 
appreciable at temperatures above 1,500° C. ; further, that 
the calculated values allowing for dissociation agree well 
with the figures given by the Gaseous Explosions Committee 
for the “ apparent 55 volumetric heat, and show a nearly equal 
increment of volumetric heat for equal steps in temperature. 
A linear relationship between volumetric heat and temperature 
therefore represents present experimental knowledge with 
as much accuracy as the figures justify. 

It may be objected that the “ apparent ” volumetric heats, 
as given by the Gaseous Explosions Committee, are the only 
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ones that have a practical value and therefore that the separa¬ 
tion introduced by Pier and Bjerrum is unnecessary. This 
would certainly be true if experimental values for the apparent 
specific heat of all working mixtures likely to be used in the 
internal combustion engine were known and tabulated for 
engines of different compression ratio. Such figures, however, 
are not available. Apart from the use of figures for illustrative 
purposes, therefore, the specific heat and internal energy of 
a mixture need to be obtained by calculation, and this can 
only be done really accurately when the specific heat and 
dissociation factors are considered separately. 

EXAMPLE 

1. A mixture of coal gas and air containing 10 per cent, of coal gas is 
fired in a large spherical vessel by a spark at the centre, and the tem- 



Tenths of a, Second, 

perature of the gas is recorded by platinum thermometers, one of which 
(A) is placed close to the spark and the other (B) near to the walls of 
the vessel. The records of temperature (curves A and B) and the 
simultaneous record of pressure (curve C) are shown in the figure. The 
records start from the moment of firing. Explain the characteristic 
features of the temperature records, particularly the rise which occurs 
in A after 01 secs., and the slow rise in B during the first two-tenths 
of a second. 

Estimate from record A the volumetric heat of the products of 
combustion over the range 1,200° to 1,800° C. 

[Mech. Sc. Tripos, 1913.] 
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Thermodynamics 

Inteiinai, Knkuoy Joclk’s Law or Ta hum on y nt a ivtten Effect 
of INVftKAKINO Sl'KFIFIO Hl-JAT PoftM OF A 01A HATH J MkaHUUM* 
ME\“T OF rviJNOKE TkMCKK ATOIfcU (»AS STANDARD OF 1*1 F Ft* 

mix* y Flow of II mat tjuuwoh Mmtau Walls or Oymndmu 
H hat 1 1 \'rns, 

55* Internal Energy. The applications of thermodynamics 
to flu* .study of gas angina problems ara mimci’ouH and varied. 
Ilia aarliar ahaptar on the efficiency of cycles of operation will 
Iiava afforded ill ustralion of this, but it. is proposed now to 

lavofa further atfanfion to the matter, 

Tlta relations between i\ V and T of unit- weight of a perfect 

PV 

gas have bean given an It; and in thermodynamic 

calculations it is generally necessary to assume that all gases 
follow fhis law, which if happens fortunately they very nearly 
do. Specific heat hm been defined, and it has been shown 
fliiit fha It of the equation above is J ((! (JJ. 

\la now rafurn to fha eondderntion of the infernal energy 
of n referred to in par, 24, The internal energy of a gas 
fitcam, the total energy, in ff.dk, actually in the sub,stance nt 
any instant ; to define if absolutely, it is necessary to fix upon 
ii definite state of the gits as the zero state, from which to 
Measure (usually too (!. i« selected as the starting point), 
f iaiiarally, however, we are only concerned with changes in 
tba internal energy. If we denote the internal energy by E, 
we knou I hat an increase AM, due to the reception of All 
heat units while AW ft,din of mechanical work has been done 
by the mn, in given hv 

AM d, AH AW. / 
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56. Joule’s law of thermodynamics is that in a perfect gas 
E depends upon the temperature only: or as it may be more 
generally stated, E is always the same when the gas returns 
to the same state. 

From Joule’s law it follows that—unit weight of gas being 
taken—• 

AE=JC„. AT 

so that 


JC„. AT= AE=J . AH—AW=J. AH-P . AV 
(an equation which was established in par. 29). 


T AH _ TOl AT I p 

J AY “ JCs AV +P 


or in the limiting case 


cZT 

JC O p . 


The differential coefficient —, which it is important to 

note is of the dimensions of a pressure, is an important quantity 
in gas engine expansion and compression curves, and it is 
necessary to find an expression for it which can be more quickly 
dealt with than the above equation (1). 


T= PV 

R 


fP4-V c ^'\ 
dV RV ^ dVJ 


R=J(C p — C„) = J C„(y—1), since 7 ?=y 


Therefore 


~= _li_ ( P-fV 

dY JC„(y-l) V ^ 
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Com!lining this with ion (I) 

<tn i /. ,n* 


rfV 


y J i ‘ i v :"v-) • p 

|, +\n'S 


( 2 ) 


Thin equation is often quoted with the J cm the left hand 
ride omitted, the If then m supposed to he given in energy unite 
(ftdte), 

57- The following table, part of which was calculated from 
an old low compression gas engine indicator card for Professor 
Perry's hook on the Eteam Engine , affords an illustration of 


tin* use. of the formula (2) . y 



J v 

e 


! 

j ■ 2:» 

i 

n*7 , 

( 'uniyrtsH- 

l 20 

10*5 1 

si on 

,1 U 

20*7 ! 


M 10 

| 

4 5 • 2 j 


! 

( h) | 

45*2 | 


10*2 

7o*7 ; 


1 1(04 | 

12.1-2 i 


10*0 1 

157-7 ? 


10*8 ! 

1H l *7 i 

Implosion 

11*0 i 

1HH-2 j 

lillfl j 

; 12*0 

100-2 ■ 


I :i 

I 10*2 


15 

110-7 


. 17 : 

0.7*7 


J 10 

80*7 


21 

0H-7 


SI 1 

! 

iiH"7 | 

l 


being there taken as 1*385. 


A|> 

A virago 

A virago 

P 

dlt 

‘ ,w 

V 

dV - 

0*10 , 

, 22*5 

17*1 

5*4 

1*70 

17 

24*0 

11*4 

:i*H8 

12 

17*5 

140 

171 i 

Uhl 

02*4 

4,700 

218 

10*1 

101*5 

0,210 

171 

10*5 

140*4 

5,210 

120 

10*7 

100*7 

1,010 

11 

1(H) 

184*0 

1,500 

22 

11 *5 

177*2 

—10*7 

20 

1 12*5 

150*2 

--87*4 

14*8 

14 

111*5 

~ 04*0 

- 10*0 

10 

100*2 

- 54* 1 

~*7*5 

18 

88*2 

* 11*2 

- 0*0 

20 

74*7 

- 42*8 

‘ -5*0 

22 

01*7 

50*0 


These figures are plot ted to scale in Fig. 22. It will bo noted 
from the table that during compression is positive in 

every etisi.% showing that rfll and dV must be of the same sign. 

As V m decreaaing during compassion dV must be negative 
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and therefore dE. also. So that during compression the gas 
is losing heat to the colder walls of the cylinder. The ratio of 
loss is not great, however, and such as it is it represents the 
differential effect of the cooling of the walls and the heating 
by contact with and radiation from the hot piston. During 
explosion the gas is seen, both from the table and the curve. 



JTJ 

Fig. 22.— Curve of - and V. It shows how the working stuff receive 
dV 

heat during explosive combustion and how it afterwards loses heat to 

the walls. Unit of V is arbitrary so unit of -~r is arbitrary also. 

aV 

to gain heat rapidly until the point of greatest pressure and 
temperature is reached, and then the curve falls rapidly, and 
the gas begins to show a loss of heat to the cooling walls. This 
loss has of course been going on during the explosion also, but 
the effect is masked by the far greater quantities of heat then 
being liberated. In modern engines, pressures and tempera¬ 
tures are higher, so that increase of specific heat affects the 
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ralfiilatinn ami ntiisf m>f lie nr^lcHcil. This ciiri'cMiort i.i 
di-alt h ilit later an ill tin* chapter. 

58 . It i* often found that during comjM'ew-iitin <ir o.xpmunion 
the gas will follow flit* law 


mi flint 


must ant- 


-nPV n X- 


Siib.difute Uiis in eipmt ion (2) 


Y .‘ " n p 


A very sin ijde expression which can often bo used to obtain 
results speedily. If t ho gas lose in H during compression 

evidently f7. //) must ho positivo or y must he greater than 

//. During expansion, if the gas in losing heat (y — n) muni 
he negative or /# he greater than y, ((T. Kx. 14 on p. 40.) 

This analysis wan originally due to PnrfesHors Ayrton and 
Perry, find published by them in the PmrmHtig# of (he Physical 
H*h'U tij in l rSH5, 

59. Effect of Imereasing Specific Heat.- it in important to 
examine how I his enleulat ion is affect ed whim allowances is 
made fur n specific heat which increases with temperature. 
If was mentioned at the close of last chapter that, the gin-cons 
mixtures used in practice had a specific heat value rising in a 
linear relationship with temperatures in fact that 

CV- //+*T 

win*re ft mid h were some eoimtfinfs. 

Since (t # |f ■■ f* r ) must from .Joule’s law bo independent, of 
te in pern lure, if follows that 

e p ^a f-/r 
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where s has the same value as above, and a is a new constant. 
The ratio - may for convenience he written c; it is obviously 

the value of y when T=0. 

It has just been shown (p. 67) that for unit weight of gas 


Also that 


.dH 

dY 

dT 

dY 



but R=J (C„—C„)=<T(a— (1) 

therefore 

dT _ 1 ('p i 

dV J (a— /5) ' ^ dVJ 

so that 


J 


dH 

dY 


a — /? 


(P+V^) +P 


_p l 1+ ^sl +v 5v 

=~f«p+»TP+(!vt?-Krv2) 

a— fi{ dY dY) 


. T dH 1 f -d , x 7 dP) 
so that J : =—-jcP+V— 
dY c— 1 (. dY J 


-.? T (p±yj^ 

a—fi{ ^ dY 


and this is the new expression for 


dH 

dY' 


(*) 


If s = 0; i.e. if specific heats were constant, equation (4) 
would clearly at once become equation (2). 

As before, take the case where, as in compression and expan¬ 
sion, PV" = constant, very nearly. 

Then 

x T dP 




chap, iv] THERMODYNAMICS 79 


and substituting in equation (4) 


or 


■jdR _c — n 

P„ 

L h 

dV c—1 

JL 



-n 

1 sT 

dY (c- 

of 

a — ft 1 


■ 


which becomes equal to equation (3) if s — 0. 


dR 


( 5 ) 


Equation (5) shows that ~ is proportional to P when T 


is constant, and that it is a linear function of T when P is 
constant; provided always that all changes are regulated 
by the law PV n = constant. 


CRANK ANGLE. £T X PA. NS ION S/Q£ 



Fig. 23. —Indicator diagram, analysed in Fig. 23a. (It is Fig. 5 of the 7th 
Report of G.E.C.) 

Mr. Hogg has applied this method of analysis to an indica¬ 
tor diagram taken with a reflecting indicator by Prof. Dalby 
and reproduced in Fig. 23. The following are his results. 

Value of n during compression 1*372; during expansion 
1*435. Composition of gas sensibly the same as that adopted 
as standard by G.E.C, whose specific heat figures are therefore 
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taken. Correction for chemical contraction on explosion 2-24= 
per cent. 

Compression || Expansion 


Crank 

Angle 

P (abso¬ 
lute) 
lb. per 
sq. inch 

6° C 

JdB. 

dV 

ft.-lb. per 
cub. ft. 
per lb>of 
gas 

Crank 

Angle 

P(abso¬ 
lute) 
lb. per 
sq. inch 

6° C 

JdU 
dV 
ft-.ib. 

cub. ft> - 
per lb- nf 
gaa 

350° 

139-8 

474 

-1610 

370° 

317-5 

1,462 

_ - 

-32,600 

340° 

102-5 

327-6 

-333 

380° 

281 

1,405 

-27,800 

330° 

84-0 

292 

-105 

390° 

230 

1-308 

— 21.300 

320° 

67-4 

252-7 

-57-2 

400° 

184 

1,194 

-15,670 

310° 

54-3 

221 

+ 149 

410° 

152 

1,142 

— 12.420 

300° 

43-0 

183 

+ 211 

420° 

119 

1,017 

-8,750 

290° 

30-2 

169-5 

+ 204 

430° 

96-0 

926 

-6,490 

280° 

30-3 

149 

+ 20o 

440° 

80*5 

872 

-5,150 

270° 

26-0 

132 

+ 201 

450° 

68-3 

816 

-4,120 

260° 

— 

— 

— 

460° 

59-6 

781 

-3,450 

250° 

— 

— 

— 

470° 

51-8 1 

732*5 

— 2,840 

240° 

— 

— 

— 

480° 

47-9 

729-4 

-2,620 

230° 

— 

— 

_ j 

490° 

43-0 

686 

-2,230 

220° 

— 

— 

— ‘ 

500° 

40-1 

667-8 

-2,030 

210° 

— 

— 

— 

510° 

37-7 

646-9 

-1,85-5 

200° 

14*3 

77 

+ 154- 5 

520° 

34*2 

582*9 

-1,540 

195° 

— 1 

— 

— 

530° 

! 

— 

— 

— 


These figures are plotted in Fig. 23a, and they show the gas 
to be just losing heat on balance from A to B on the com¬ 
pression stroke, and to be gaining it from B to C. Ignition, 
occurs about the point C, and the curve would then shoot ixp> 
far off the diagram: this rapid rise cannot be got from the 
indicator diagram as the volume alters so exceeding;!y 
slowly at the dead centre. From this height, however, the 
curve rapidly descends owing to radiation and convection, 
losses until the point D is reached. The rate of cooling then 
tends to decrease as shown by the line DE, which represen.f:-s 
the expansion period. The gas is still losing heat at the poimh 
E, when the exhaust opens and the temperature is in thie 
neighbourhood of 600° C. 

Mr. Hogg’s curve shows no evidence of any continuation 
of combustion after the highest temperature has been reached^ 
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ox 


0O C 

JdK 

dV 

ft,-.lb. per 


cub. ft. 
per lb. of 
gas 

,462 

— 32,600 

,405 

-27,800 

*308 

-21.300 

.194 

-15,670 

,142 

-12,420 

.017 

-8,750 

>G 

-6,490 

'2 

-5,150 

G 

-4,120 

u 

-3,450 

*2-5 

-2,840 

2J9-4 

-2,020 

*6 

-2,230 

57*8 

-2,030 

-6*9 

-1,855 

12*9 

-1,540 


how the gas 
on the com- 
CX Ignition 
en shoot up 
ot from the 
exceedingly 
owever, the 
convection 
:ooling then 
i represents 
it the point 
d is in the 

->ntinuation 
3 X\ reached. 
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60. Adiabatic law with variable Specific Heats.—If — be 


dV 


zero, or, in other words, if the transformation be adiabatic, it 
follows from equation (4) that 

«P+sTP+^+sTV^=0 


or 


jdB , o-HT. 


dV 1 84-sT 


:P=0. 
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If s = 0 this would become 

dp 

v i+? p =° 

which integrates as in par. 29 to the familiar form PV y == 
constant. If, however, s is not zero we have a much harder 
integration. The above equation becomes 

®+i+5 2 =0 . (i) 

P t /!+«T V 

PV 

Also since constant 

P V PV 

+ l dP — dT=0 

rp ' rp rpo 

dV ,dP <,T A 

° r 'Y r ~f'“p rf ®.* ( 2 ) 


Equation (1) may be written 

<, ? + “v +sT (t+v) =0 


or using (2) 

P —+ a — +sdT—-0 

The integral of which is 

/5IogP + cdogV-f sT = constant 
and this may also be written 

P J3 . V a . e* T = constant. 

This is therefore the adiabatic law with variable specific heats. 

61. Experiments on Measuring Temperatures during tine 
Cycle of Operations in a Gas Engine. —Professor Burstsbll * 
was the first to do this. He came to the conclusion tlxa/fc 
with a platinum thermometer it was impossible, owing to 
the fusing of the fine platinum wire before a sufficient number 
of observations had been taken, to make such measurements 
with an engine working on full load. He had thereforo to 
experiment on an engine running light and firing but once in 
each twelve revolutions. The principle upon which a j>la,t- 

♦ PML Mag., 1895, and Proc* 1901. 
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inum thermometer works is that since the electrical resistance 
increases with the temperature in accordance with a known 
law, to measure the resistance of the wire is to measure its 
temperature at the moment. Professors Callendar and 
Dalby * have since made additional tests in this direction. 
These experimenters realized that they could not get a wire 
which would “ stand up ” to the temperature of explosion 
unless it was so thick that it must fail to follow the fluctuating 
temperatures of the gas with sufficient rapidity. They there¬ 
fore decided so to arrange the apparatus that they could with¬ 
draw the fine thermometric wire from the action of the gases 


C 



Fig. 24.—Combined Admission and Thermometer Valve (Callendar). 


during explosion, and replace it for each suction and com¬ 
pression stroke. This was effected by fitting up the inlet 
valve as shown in Mg. 24. C is the admission valve casting, 
which is bolted on to the cylinder and projects inside the space 
provided for it. The thermometer was inserted through the 
spindle of the main admission valve marked A, which had been 
drilled out to receive it. In the figure the little “ thermometer 
valve,” as it may be called, is shown projecting beyond the 
main valve head into the cylinder. It closes with a little 
conical seating of its own as soon as the ignition point gets 
near. The thermometer leads enter-through B, pass along 
the thermometer valve spindle until they arrive at the fine 
platinum wire which is shown at P. The head of the ther- 
* Royal Soc . Proc 1907. 
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mometer valve is connected to its spindle by the two ribs 
which are made as thin as possible so that the platinum wire 
is not screened more than can be helped from the action of 
the hot gases when the thermometer valve is pushed out into 
action. The opening and shutting of the thermometer valve 
at the proper times is effected by suitable mechanism. The 
thickness of the platinum wire was x 0 V 0 °f an inc h* At about 
130 R.P.M. the lag of the thermometer was not more than 10° 
of crank angle with a temperature fluctuation of nearly 200° 
in half a revolution. This would correspond to a time lag of 
giro X0*013 sec., which was quite good enough for 
measuring anything so relatively steady as the suction tem¬ 
perature. As a result of such measurements it was found that 
the suction temperature varied with the conditions of running 
from about 05° C. at light load to about 125° C. at full load, 
the air temperature being about 20° C. and the jacket tem¬ 
perature 27° C. The following are details of two tests— 



Tost I. 

Test IX. 

R.P.M. 

130 

114 

Ratio air /gas. 

7-1 

5-8 

Atmospheric temperature. 

20° C. 

21° O. 

Jacket temperature. 

Temperature of thermometer valve at 

27° C. 

27° C. 

360° crank angle. 

122° C. 

— 

Ditto at 26° crank angle. 

lire. 

130° C. 

Corresponding pressure at ditto . 

18*5 lb./in. 2 

17-8 lb. /in. 2 

Molecular contraction on combustion . 

4*3 per cent. 

5*1 per cent. 


It was noted that by a curious coincidence the indicator 
cards from these two trials showed a practically identical 
expansion curve, not varying by more than 1 lb./in. 2 at any 
point. The temperatures during expansion were however far 
greater when using the richer mixture, and the heat losses to 
the walls correspondingly greater, so that although much 
more gas is used in one case than in the other, no more H.P. 
is obtained, the excess heat units going to waste. 

These experiments show that the convenient practice of 
assuming the suction temperature to be 100° C. irrespective 
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iif load in only approximately corrert. When, an in Hu* above 
ex peri went>* v f hi* Miction pressure h accurately measured, if. 
in possible til calculate arc tint*ely t he temperuf urea throughout 
flu* eyrie from flir perfect gas law mid a knowledge of the 
molecular contract ion on combust ion. 

02* Later Experiments. Luter attempts fo measure the 
tempera! urn of fin* gas are dun to (*oker mid Neohle. r Fh<*y 
found flu* suction temperature to range from MT l\ fo 200" 
<\, but there may have been special eireumshmecH causing I ho 
riinge to lm wider than usual; their chief work, however, In 
the measurement of temperature along the expansion curve, 
'Fo achieve this much morn difficult. measurement urn? wiim 
mad** of I hermo -couples made up of alloys of platinum with 
rhodium and iridium, whirl* have very high fusing points, rolled 
into diijo about o fo H ten-thousandths of an inch thick. In 
f lib way it found possible to measure the gas tempera!uro 
not only on tin* ridng compression curve, but also along the 
greater part of fin* expansion curve ; the very highest tem¬ 
pi* rat nr**, hail -.till fo he estimated, however, by regarding the 
eha'go if Hf a - a pa * thcrinometer. r ffie highest temperature 
point h ronhi be more aertirat ely estimated in this way than by 
mb riinp t hem from He* w*thm tempera! lire, since (1) it was not 
tie? *'oily fo allou for chemical contract i<*n, (2) and the perfect 
law i. uion* truk followed at high tempera! tires, it wits 
I hn . found that tie* peak temperature in the gits ih in the neigh¬ 
bourhood of 1 hum Ik, awl may math specially ri«dt mixtures 
mu ivarh ittitm C f 

SS, Gm Standard of Efficiency. In < Imp* II the “ air 

taialapl ^ of efft* i»*iwy for internal combust ion engines wan 

* xplhiwd fulh, and numerical results were given. Tin*, stuu- 
flaid -o .el b, houet cr t unadi above what could he achieved 
in mav wa! mmv^ * ten were m r;/ source of loss removed. The 
o%4 on for f bb i. ft#nl the gaseous mix! ure employed in practice, 
a It houph unduly air, is by no means entirely so, and that in 
i ogio'ffw tee if %' it if* * iirer f fo it Hotline (as is chine, in the cukm*- 
lation of “ air dainbird 11 eUicieneies) that the specific heat* in 
roiHnn! 

ft is therefore to make allowance for this, and 

line wav of doing so i# to replace file 11 air standard n with a 
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“ gas standard ” based on the mixture commonly used in a 
gas engine. The best mixture to use is that for which the 
Gaseous Explosions Committee determined the specific heat- 
temperature relationship. 

As stated on p. 65, this curve corresponds to a linear law 
between specific heat and temperature agreeing with the 
observed results within the limits of experimental error, as 
follows: 

C, = 0-152 +0-000075 T, 

where T is the temp, absolute. This mixture is stated in the 
Report to be “the mixture on which Clerk experimented.” 
Reference to Clerk’s paper ( Proc . Royal Society , Vol. 77) gives 
'the following particulars of this mixture :— 

Extreme compositions— 


Steam (assumed gaseous) 

Vols. 

. 11*2 and 

Vols. 

12*7 

Carbonic anhydride 

• 4-8 „ 

5-5 

Oxygen. 

• 8-7 „ 

7-0 

Nitrogen .... 

. 75-3 „ 

74-8 


100-0 100-0 


Corresponding respectively to explosive mixtures containing 
before combustion 1 volume of gas to 9*8 volumes of air, and 
1 volume of gas to 8-5 volumes of air. The lower heat value 
of the gas was 574 B.Th.U. (or 319 pound-calories) per standard 
cu. ft., whilst the compression volume was 18-59 per cent, 
of the total volume. Clerk mentions on p. 334 of Yol. I of his 
Gas , Petrol and Oil Engine that a standard cubic foot of this 
mixture weighs 0-07833 lb. So that if the specific heat be 
jexpressed as ft.-lb. per standard cu. ft. (i.e. as volumetric heat) 
ip becomes 

= 16-6+0*0082 T. 

•With this data it is possible to calculate the temperature at 
any point in the ideal constant volume cycle (see Eig. 7, the 
lettering of which is also followed in what follows), provided 
jthat the suction temperature be known. This may conveni- 
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enfly be fa lit‘ii ns KM) 5 ' (\, a iigun* never far from its actual 
value, ami one moreover which agrees with the use of that 
temperature us a starting point for internal energy measure¬ 
ments. We may assume for simplieily'a sake that our ideal 
engine eylintler when filled at fhe end of the suction stroke 
eonfaius exactly one standard eu. ft, of gaseous mixture made 
up of a small proportion of exhaust products together 
with fresh air and fresh gas. The amount of the exhaust pro¬ 
ducts will vary with the compression ratio, hut no great error 
will be made by taking it that at the end of the suction stroke 
the contents of the cylinder (at 100" ('.) are such as to have an 
average calorific value of 20 pound calories, being made up of, 
say, 1 part by volume of gas to H) parts by volume of a com¬ 
bination of air and exhaust products, ho that the volume of 
gas present is one-elevenfh part of a standard cubic foot con¬ 
taining :$! it 11 or lib pound calories of I mat, energy. 

64. The Adiabatic Curves of Compression and Expansion 
(vnr. sp. heats). The theoretical eflieiency of the new standard 
cycle can now he worked out. for various compression ratios, 
assuming no heat loss, m> chemical change of volume, no change 
on explosion of the relationship between specific heat arid 
temjsr.itnre, no combustion after the jioint, of maximum 
temprattire, and the suction temjiemture constant at 100*' 
Knowing the suction temperature (T„), the femjierafure at flic 
end of compression (Ti) can he calculated from the adiabatic 
formula appropriate to a linear relationship lietween specific 
heat and tempmture. Having the compression temjierature 
('!’,) H is easy to obtain the explosion teiuja-rature (T,) from 
this heat liberated (21* jioimd calories), and the known specific 
heat values*. The temperature at the end of exjiansion (T a ) 
is obtained from the same law as that governing compression, 
All four temperatures 1 ming then known, and the internal 
energy eorresjwmding to each, the calc illation of efficiency 
follows at once. 

The adiabatic law corresponding to ft linear relationship 
between Hpcrifie heat and temjierature i« as given in par. <50 
p * . V* . i** constant, 

i»V 

But conaUiat. 
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the expansion is said to be adiabatic. Such an expansion, or 
compression, may be imagined as taking place in a cylinder 

made of a completely non-conducting material, no heat being 
generated by chemical action nor lost by radiation. The more 
quickly an expansion or compression takes place, the more 
nearly is the adiabatic law followed, since there is a shorter 
time for any transfer of heat to take place. The rapid heating 
of a tyre-pump when used vigorously is a familiar phenomenon. 



FlGk 4 .—P V diagram showing compression of six cubic feet of air into one 
cubic foot, (a) Isothermal ; ( b) Adiabatic. [Final pressure is more 
than twice as high in ( 6 ) as in (a).] 

When the expansion is adiabatic the law connecting P and V 
for a perfect gas can be shown to be 

PV?=constant. 

In Fig. 4 is shown the result of compressing a mass of gas 
from 6 cu. ft. to 1 cu. ft. Such compressions sue approxi¬ 
mately adiabatic—see curve b —when the process is carried 
out very rapidly; and approach the isothermal—see curves 
—when the compression is so slow that most of the heat is 
dissipated during the time taken by the compression. 

29. Proof. —“Joule’s Law, 55 quoted in paragraph 14, comes 
to this, that the gain in internal energy due to rise of templar 









88 THE INTERNAL COMBUSTION ENGINE [chap, iv 


Therefore V“' ? . e sX . T^=constant 

'V.\*VT ^ 


Or 


a • e s(To-Tl> =I 

/XxV'WXiY 
W W 

. {Yi\ =fli\ 

' KvJ \TJ 


_ e s(T t -To) 


TiN-A i-(Ti-To) 
' a-/3 . e a ~‘ 


It is not possible to calculate T! directly from this, but 
curves may be drawn giving the relationship of temperature 
and compression ratio, and in this way T a for any given volume 
ratio (r) may be found. 

Now T 0 = 373, and C„=jS+sT=0-152+0-000075 T. 

To get C p we need R. 


Now Cp-C, 


R PV_ 147X144 

j and R- T — 0 . 0 7833x 273" 


=99; and 


Cp—C o =0-071. 

So that Cp=a+sT=0-223+0-000075 T. 
Therefore 



The relationship of Tj and r are shown in the Table below. 


0» 

T 1 

r 

(continued) 

T i 

(cont inued) 

r 

(continued) 

100 

373 

1 

1,100 

1,373 

46*5 

150 

423 

1-38 

1,200 

1,473 

00-1 

200 

473 

1-85 

1,300 

1,573 

77-1 

250 

523 

2*39 

1,400 

1,673 

97-3 

300 

573 

3*09 

1,500 

1,773 

122 

350 

623 

3*89 

1,600 

1,873 

153 

400 

673 

4*86 

! 1,700 

1,973 

190 

450 

723 

5*97 

1,800 

2,073 

235 

500 

773 

7*24 

1,900 

2,173 

289 

600 

873 

10*4 

2,000 

2,273 

353 

700 

973 

14*7 

2,100 

2,373 

430 

800 

1,073 

20*1 

2,200 

2,473 

522 

900 

1,173 

26*9 

2,300 

2,573 

631 

1,000 

1,273 

35*6 
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It is useful to express these temperatures in other than 
the absolute form, and to compare them with the corre¬ 
sponding temperatures obtained from the adiabatic law for 
a perfect gas with constant specific heat, viz. PY 1-41 = con¬ 
stant. This comparison is given below, and is illustrated in 
Fig. 24a. 


r 

6° C. 

(var. specific 
heat) 

6°C. 

(const, specific 
heat) 

1 

100 

100 

2 ' 

214 

223 

3 

294 

312 

4 

356 

386 

5 

407 

449 

6 

452 

505 

7 

1 490 

555 

8 

526 

602 

9 

558 

645 

10 

588 

686 

11 

614 

724 

12 

641 


13 

664 

795 

14 

686 

828 

15 

708 

859 


65. Internal Energy Throughout Cycle. —Having thus found 
Ti for various values of r, it is next necessary to obtain T s the 
explosion temperature, and this is best got from an internal 
energy curve. 

Volumetric heat = 16-6 -J- 0-0082 T 
and the internal energy 

(16-6+0-0082 T)<2T 

=16-6 (T—373) + 0-0041 (T a —373 2 ) ft.-lb. 



This is shown plotted in Fig. 25. Now on explosion, 29 
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Table or Temperatures. 


r 

0 O °C. 
(suction) 

01 °c. 

(compression) 

0 2 °0. 

(explosion' 

0,°C. 

(exhaust) 

1 

100 

100 

1,660 

1,660 

2 

100 

214 

1,730 

1,415 

3 

100 

294 

1,780 

1,290 

4 

100 

356 

1,820 

1,205 

5 

100 

407 

1,850 

1,145 

6 

100 

452 

1,880 

1,100 

7 

100 

490 

1,905 

1,060 

8 

100 

526 

1,930 

1,025 

9 

100 

558 

1,950 

1,000 

10 

100 

588 

1,970 

976 

11 

100 

614 

1,990 

955 

12 

100 

641 

2,010 

936 

13 

100 

664 

2,025 

920 

14 

100 

686 

2,040 

904 

15 

100 

708 

2,050 

889 


Table or Energy and Efficiency. 


V 

Internal Energy in Ft.-lb. 

Thermal Efficiency. 

E 0 

(Suc¬ 

tion). 

El 

(Compres¬ 

sion). 

e 2 

(Explo¬ 

sion). 

E 8 

(Exhaust). 

“Gas 

Stan¬ 

dard.” 

“ Air 
Stan¬ 
dard.” 

Ratio of 
Gas Stan¬ 
dard to 
Air. 

1 

0 

0 

40,600 

40,600 

0 

0 


2 

0 

2,300 

42,900 

33,000 

0-188 

0*242 

•78 

3 

0 

3,950 

44,550 

29,200 

0-281 

0*356 

•79 

4 

0 

5,300 

45,900 

26,750 

0-341 

0*426 

•80 

5 

0 

6,450 

47,050 

25,000 

0-384 

0*475 

•81 

6 

0 

7,450 

48,050 

23,700 

0-417 

0*512 

•81 

7 

0 

8,300 

48,900 

22,600 

0-443 

0*541 

•82 

8 

0 

9,100 

49,700 

21,650 

0-467 

0*565 

•83 

9 

0 

9,900 

50,500 

21,000 

0-483 

0*585 

*83 

10 

0 

10,550 

51,150 

20,350 

0-498 

0*602 

•83 

11 

0 

11,200 

51,800 

19,800 

0-512 

0-617 

•83 

12 

0 

11,850 

52,450 

19,300 

0-524 

0-630 

•83 

13 

0 

12,400 

53,000 

18,850 

0-536 

0-642 

*83 

14 

0 

12,950 

53,550 

18,450 

0-545 

0-652 

•84 

15 

0 

13,350 

. 

53,950 

18,050 

0-555 

0-661 

•84 


of their 
and so 
compre 
It wi 
is abou 
ratios i 



conside 

67. 

offing 

known, 

the effc 

primari 

chambe 

In the 

which a 

Of the 

conduct 

the Ioa 

avoidat 

margin 

especial 

ditions 

piston j 

68 . 
seated 
Prof. H 
to dot* 
with th 
“gas a 
in Pig. 
dard," 
comes 
was ca 
specific 

* B.A 






CHAP, iv] 


T11 K ft M OI > Y N A M r OR 


93 


66. Gas Standard, ft is now possible to give tho value 
nf tin* infernal energy at each of the four corners of the diagram, 
and hu to obtain tho thermal efficiency corresponding to each 
emu predion ratio, as shown in the preceding tables 

It util be seen that with this gas mixture the gas standard 
b about so per «*ont. of llu* air standard for tho compression 
raf ios tit common non It corresponds closely to tho valuo 



predicted by Tizard and Bye from theoretical 


miiMderat ions, * 


07. In practice these ideal efficiencies aro not realized 
miing to thermal and mechanical losses, If tho latter are 
known, fin* indicated thermal efficiency can bo obtainod and 
11 to effect of thermal losses estimated, These losses depend 
primarily tip *m the teittpriiitire of explosion, but combustion 
chamber dcHigit and engine speed an* also of groat importance. 
In the case of monk mixtures, indicated thermal efficiencies 
which amount to h;* jn*r rent. of the ideal have beam reached. 
Of flic total beat supplied only In pern cent, is thus lost by 
conduction and radiation. In the ease of strung mixtures 
the loci jo non*-anly greater But even in this case tho 
avoidable beat foot seldom exceeds 20 per cent. The possible 
margin of improvement; in engine performance is thus small, 
e^pe* Oily when if b* remembered that the mechanical con- 
< lit ion 4 of the piston engine call for tho efficient cooling of 
pi4oii and valve 4 

68. &®pkmm'u Efficiency Experinmtec--In a paper pro- 
rented to the Institution of Mechanical Engineers in 1908, 

Prof, HiipiciiiMfiii descrtlm! certain i?xperlmerit» he had made 
to determine the relationship of actual engine efficiency 

with tin* “ air Mtfuuiurd ?> and with what we have termed the 
“ gas *tfixidiird.” His mailt* aril conveniently summarized 

in Fig. Si. Tlio «pja*rmost dotted curve is the * 4 Air »Stan- 
dnrd/' which for tin* compression selected (viz, r~ .0*37) 
enme* tint at 52*2 jier emit. Under that is a line which 
wm eulmdated by liopkifison on the basis of a variable 
Himmim heiii (using the figtireif of Hothorn and Austin, and 


• It A. I flu; this theory iwMititioit no Itm of heat during the working 
fttmk* lint itthm fully into atiewmt tim tmt/um of tho working fluid. 
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Langen). Below that again is the line of efficiencies as actually 
found. 

69. Choice of Working Fluid.—What change would be 
effected in the thermal efficiency of an engine if the working fluid 
were changed for one having a larger specific heat ? This is 
an important problem, as it not only concerns the choice of 
working fluid, but also whether it is well to work high up the 
temperature scale or not (the specific heat increasing with the 
temperature as has been shown). 

The thermal efficiency of an engine depends on many factors, 
but to a first approximation it may be taken as proportional, 



Fig. 26.—Hopkinson's measurements of actual thermal efficiency for mix¬ 
tures containing from 8 to 12 per cent, of coal gas, compared with his 
calculated ideal limiting efficiency curve. 


for any given compression, to the efficiency as obtained from 
the “ Air Standard ” formula 



Now 


J (C p —C„)=R and y—i=*L 

JG 





so that 
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1— r]dC v JC„ 2 
dtj R(1— rj) 


dC„ 


JC* 


log r, 
log r. 


Therefore with increase of specific heat the efficiency falls , 
This could also be -written 



1 - 7 ] 

rj 

i-v 

n 


log r 
log r 


This gives the proportional change in efficiency for a given 
proportional change in specific heat. 

If for example y = 140 and r = 10, then for a 1 per cent, 
increase in G v the corresponding proportional decrease in 
efficiency would be 

± .0} 

Now when r = 10, rj = 0*60 
and ^2= jo 40 x^~^X2*3o}x — 

7 ] 1 0*60 i 100 

= 0*61 per cent. 

So that in this case the efficiency falls by rather more than 
\ per cent, when the specific heat rises by 1 per cent. 

70. Heat Plow through Cylinder Walls .—One of the most 
important matters connected with the temperature changes 
in an internal combustion engine is the consideration of the 
manner in which the heat carried away by the cooling water 
passes from the hot gas to the water. The cooling water is 
circulated around outside of the cylinder in a space provided 
between the cylinder walls and the jacket. The carrying away 
of heat by this cooling water is, of course, of no thermal advan¬ 
tage to the engine, much the contrary, in fact; but unless it is 
allowed to take place the cylinder walls would reach so high 



1 
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a temperature that lubrication would become impossible. 
Engines become more efficient as this heat loss is reduced, 
but care has to be taken to limit the reduction at the point 
where there would be risk of the lubrication, failing. If the 
lubrication did so fail the piston would seize and the engine 
be seriously damaged. In a four-stroke engine of the usual 
type the temperature of the gases inside the cylinder will vary 
during the cycle from about 20° C. to 1500° C. This is a large 
range, but it is found that the wall temperature—even that of 
its innermost face—does not pass through anything approach¬ 
ing so large an amount. With a temperature range in the gas 
of the amount mentioned the total temperature range in the 
inner face of the wall will not exceed about 10° C. And even 
this small range is but skin-deep. It has been shown mathe¬ 
matically, and confirmed by experiment, that at a depth below 
the inner surface of the wall of inch the temperature range 
is only about T J^th part of the range at the surface. The 
following comparative statement can therefore be given as an 
illustration:— 

Range of temperature in gas—about 1500° C. 

„ „ ,, in wall surface—about 10° C. 

„ „ „ fV inch deep iia —about ¥ U° C. 

For all practical purposes, therefore, the wall temperature 
as a whole does not vary from moment to moment during the 
cycle. 

The temperature is different, however, in different parts of 
the length of the wall. Thus, the wall is hotter near the com¬ 
pression head than it is at the other end of the cylinder. This 
is because most of the heat loss occurs at the beginning of the 
stroke, in the clearance space, where the highest gas tem¬ 
peratures are found. The consequent varying amount of 
expansion in the different cylinder parts renders the metal 
liable to crack unless the design provides room for expansion.. 
Cylinder heads and pistons are the most difficult parts to pro¬ 
tect against cracking, particularly in large engines. But if 
fixed joints between metal faces necessarily at different tem¬ 
peratures are replaced by sliding ones, much of the trouble 
may be removed. 
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71. Hopkinson’s and Coker’s Experiments on Cylinder Tem¬ 
peratures. Experiment made by Ilopkinwm * mrd by Coker f 
<>n different engines aff<>r< 1 a i>.i>is for drawing up a (aide of 
tin* probable temperatures oeeurring in the ordinary type of 
four-stroke engine (open ended) : — 


Purl, ? Ti’inj*»’rn(urf». 

Miixiintiui tciupcmiurr* of gun. *ity, ... * 1.500*(L 

VmUm f centre of ffwe ....... j 400'* (J. 

CVnire of exhaust vulvi* ...... j 400’ (\ 

Ditto, inlet valve ........ j 250” i! 

Bnjaoketrd part of wall in oloamnro } pr.eo . < 250'’ ( 

Pi*t<»n, rdpo of fact* , . . . , . . . i 200'* (L 

nl wall in rlrumiu <- Hp ht » , . . » 10(1'* (*. 

Jarla fni part «*f w all in h\ mki* . . . . j 75" (L 

t'oofinp vuit**r jiI otsflrf . . . . . . ! 05” CL 


( oker uNu found that with a copious supply of cooling water 
then* wom no difference in wall temperature along the length 
of tin* stroke. But with a restricted supply the average wall 
temperature was less (by some 7'" (<.) in fine metal near the end 
of the tail ward stroke than at the beginning. Thus when the 
cooling mater is restricted in quantity some of the heat passing 
info the cylinder walls travels along the wall as well as through 
it. 

An interesting measurement made by llopkinson showed 
that if any pari inside the cylinder should rise to 700*0. the 
gunr* would ignite spontaneously, ho causing fnAgnilnm. 

72 . Mathematical Theory o! Wall Temperatures.- .It is 

interesting to investigate this problem mathematically. 

Bet Of f he I lie inner face of the section of the wall which can 
witli Hiinirietif aeeimtey for this problem be considered plane, 
founder what m happening at A, distant x bedow the surface 
of the metal. Aer«m mi imaginary unit area perpendicular 
to the mirffice of the puffer find to the line of flow of the heat 
which is in the direction of the arrow, heat will bo transmitted 


• Prof, IXLE, 1009. 

t Prm. IX ,'*A\ 1CIIX 


II 
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but a part will be retained for the heating up of the substance 
of the lamina at A. At a section at distance (x + Sx) the 
temperature will be ( d + S6) 9 where of course Sd is r egative, 



at the same moment of time. Now the rate at which heat is 
received at the left face of the lamina, contained by the two 

planes at x and (x -{-dx), is equal to — h — where k is the 

dx 

conductivity, and the additional amount which flows out per 

second on the other side is ~(—h —^ dx = — k^-dx. 

dx \ dx/ dx? 

Now this heat must he equal to that required to raise the tem¬ 
perature of the lamina between the time t and the time (t -f- 
dt), and the volume of the lamina being (1 X 1 X dx) = dx, it 

follows that the heat so absorbed must be equal to dx. w. rr 

dt 

6t. cr, where w = weight of unit volume and a — specific 
heat. 












eirAi*. iv] 


THERMODYNAMICS 


Thwforo 


-A-'ft i).f hi 

(hr** 


t/vr ^ ^ t)x dt 

dt 


k SO (W 
mm dS dt 


This is the equation lor the flow of heat. The name eqnation 
occurs in problems relating to electHe conductivity, io the 
diffusion of liquids into each cither and to many other phy¬ 
sical applications. Its solution in therefore well known, and 
in this ease the simplest form of it m 

0 -dV "'unify/—/te) ........ (2) 

where <\ //, y and // are constants Home of which can imme¬ 
diately lie determined from equation (I). 

Pfein (2) 

f t '/'• n *«>»(yi M 

'f " T mi(yt fir) //('< "vanlyl fix) 


n Si 'f ftjr )d#*//(V- *Vos(yf //.r) j n/?(!e tt *co8 

tijr- 

lyt fi.r } //■’-( ’» wilif-// /Ar). 

•"-•(«* /9»K** "sin!// «*v.<m(yt-~fix) 

K u that ffjimtiun (i) tuny 1m written 

^ ,'(«'■» /O r » •' in O' M + •*ooK(ye /Ar)J 

y( ’» "* von(yl fix). 

For thin to be an identity 

« 3 //» 0 

and 'l»fi ^ y 

tor 

Now i im t* when x a, the value of ft may bo regarded as 
the zero from w!»i« }i the temperature is measured, it follows 
that a mimt be jMwitive and real. 
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So that 


Substituting in equation (2) 

0=0.6 sin (jt —/y/• • • 


. • (3) 


73. Skin Temperature. —Now when x = o the value of 
0 is that for what may be called the skin temperature of 
the metal—call this 6 0 
therefore 6 0 = Csinyif, 

This calculation indicates the existence of a skin tem¬ 
perature in the metal which rises and falls as a simple 
harmonic function of the time with an amplitude of C, 
that is to say the range of temperature in the skin is 2C. 
Now imagine the wall to be in contact with a highly heated 
gas the temperature of which fluctuates rapidly and unevenly. 
It is well known that by Eourier analysis this temperature can 
be represented by a series of simple harmonic functions of the 
time, of increasing frequencies. In a gas engine the temperature 
of the gas rises and falls about a mean value in what is roughly 
a sine curve, and in any case the addition of two or three upper 
harmonics should make the representation very close. The 
effect of high harmonics at the interior part of the wall is, how¬ 
ever, slight; since it will be observed that the logarithmic 
decrement factor in equation (3) becomes more and more pro¬ 
minent as y increases in value. It will therefore be sufficiently 
accurate in the first instance to consider the fundamental period 
only and to assume that it causes in the skin of the metal a 
fluctuation of temperature of much the same nature but of 
less amplitude and with at least some lag. What this ampli¬ 
tude and lag will be it is impossible to calculate, but it is pos¬ 
sible to take the extreme case in which the range of temperature 
in this skin is equal to that in the gas. This at least will repre¬ 
sent the limit of what can occur in that direction. Then 6 = 0 
sin yt is the equation for the temperatures both of gas and 
skin. 

74. Effect at a Depth. —It remains to investigate how the 
rest of the metal wall is affected by this great vibration in 
temperature in one of its faces. It is clear from equation (3) 
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CUAl\ IVj 

thaf the amplitude drcmtM-s with the depth in the metal and 
that a lujiuriM^aud iru-rea-.es at the >mme time. The-; amplitude 

at any point at. a depth s h (' exp.( \/ WTy . hut.(! ist.ho 

2 k 

amplittide at flit* surfan*. mid therefore tin* fraef innul amplitude 
in tin* interior in exp. ( \ n ?/# ,x). 


It is of interest to evaluate thin expression. 

We may put te t r>0 lb. per ruble foot; y lOir eorro- 

hjioih! iii|£ on f bo basis of a t wo stroke cycle to a speed of 

mm r.p.m. ; rr ~ fH ; Ho that 


i/»irv .150 

' ,.;0d HhrX 100 70,500 

2k 2 

or a/ wt ?' 200 

v 2k 

and tin* fractional amplitude ■ ■ < 
lien* of cmurHc x h in font. If x be put equal to J in. or 

A foot, the fractional amplitudes } r „ } or 0*40 of one 

«2f>() 

per cent., which shows that mmi at a depth of only | inch the 

teinpmfiiro oscillation in practically wiped out. The curve 
in Fig. 28 shows graplticailly how rapidly the oncillationH de¬ 
crease in amplitu lc\ Ho that in Amuming the wall to be in¬ 
finitely thick no very fur-reaching assumption wan made, since 
for nny thing over ;| in. in thieknesB the temperature on the 
water fide will practically show no temperature oscillation. 

75. Conclusions. Thin mathematical investigation shows 
that flic tem pera to re gradient from face to face of the wall in 
practically n naff tried hy the oHciltdtvm in the iempemttre of the 
ya*, and that if to t his gradient line the above shallow tempera¬ 
ture oscillations be added a representation can readily be ob- 
tained of mini! m net iiully occurring in the, walls of a gas engine 
cylinder. The heal flow through the metal is known, as regards 
quantity, from the heat balance-sheet for the engine*, since the 
heat taken away by the cooling water must he exactly equal 
to the flow through the walls if a steady state has been reached. 
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The difference in temperature between outer skin and water 
must just be enough to enable this amount of heat to pass. 
In a 10 in. X 18 in. two stroke engine which loses say 
30 H.P. continuously through the walls of an exposed 
area of 4 sq. feet, the average temperature gradient * will be 


3 

3 


x 10=25° a per inch. 


If the inner skin be at an average 


temperature of 200° C., then the outer skin would be at 175° C. 



•025 *05 *075 01 0-125 015 0175 0-2 0-225 0-25 

x~ Inches depth in Metsl. 


Fio. 28.—Showing amplitude of temperature oscillation in an infinite block 
of metal when the skin temperature oscillates above and below the mean 
temperature of the block. 

From the equations of par. 72 it is possible to calculate the 
flow of heat through the inner skin into the metal during the 
period of time (i.e. the explosion stroke) in which the skin 
temperature is greater than that of the mass of the metal. 


* A plate of average iron, having a temperature gradient of one 
degree Cent, per inch of thickness, will steadily transmit per square 
foot of area about horse power. 
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Thus thf heat flow at the surface must be 


t , k. a . 0 {win yt * cos yt ] ~ k . a . C. q/2 sin 



The amount of heat flowing per sq. ft. between times t ■- <> 

and t must be -- I y'kaVV'I sin (yt I T) . fit- Jnsert- 

7 J a 1 •{' y 

ing tlie values of the constants <»f the previous paragraph 


we have heat flow ~~ 2 


(Mil /2ISU •'{! 
"loir" 


0-17<!. 


rake for 


example a heat loss equivalent to 7| II,I*. per sq. ft. of surface, 

flam heat flow in one cycle (at .‘100 r.p.m.) ~ 7% r > X X 0-2 


pound-oak tries, which may he equated to 0-17(1, giving 
C :$••» deg,, or a total temperature oscillation of 7 degrees. 
This indicates generally that a small oscillation in the tempera¬ 
ture of the innermost layer of metal is quite suflieienfc to absorb 
and level the temjmruturo oscillations whieh the gas tends to 
set, up in the cylinder walls. We may conclude, from this that 
although the temperature at any point, of tho walls depends 
on the position of that, point, it does not sensibly vary wit h tho 
time; that is to say, that at any given point tho temperature 
in tho walls remains nearly steady. Tho wall may therefore 
tie considered as of two parts t he inner skin which acts as 
an accumulator of heat energy, rapidly abstracting it during 
explosion and giving it out again later; and another part, 
consisting of the whole of the rest of the wall, which acts as 
a steady transmitter of the heat fed into it through tho inner 
layer. 

78. Heat Paths. —A simple pict ure can now be drawn of the 
manner of heat flow in a gas engine cylinder; heat passes to 
the walls by convection and radiation; this is facilitated by 
the cooling of the walls by the water circulation. Heat 
flows most freely into those parts of the metal which are in the 
explosion space. Valve waitings, ignition bosses, and parts 
supported by webs tend to get hottest, as tho water is more 
remote and tho heat has less chance of escaping. Tho main 
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heat flow is straight through the metal of the wall, but it also 
passes along it if the water supply be not copious. A certain 
amount of heat passes into the piston face. This escapes in 
two ways—out at the back of the piston, and radially to its 
edge and along the trunk. All these heat paths require study, 
so that proper allowances can be made for the expansion of 
the metal. Ignorance of the way in which this expansion 
occurs has led to the cracking and failure of a great number of 
cylinders. 


EXAMPLES 


1. The temperatures on the two sides of an iron plate 0-5 in. thick 
differ by 10° C. How much heat in C.H.U. passes through per sq. ft. 
per minute ? Conductivity of iron is 0-0074 C.H.U. per sq. ft. per 
sec. for each degree Centigrade drop of temperature per foot of travel. 

2. A gaseous mixture has a specific heat at constant pressure of 0-20 
and one at constant volume of 0-19. J == 1393. 

(i) What is the law of adiabatic expansion ? 

(ii) If a pound of it is at 120° C., pressure 5000 lb. per sq. foot, what 

is its volume ? 

(iii) A pound of it expands according to the law PV' =* constant; 

what is its rate of reception of heat in C.H.U. ? 

[B. of E., 1899.] 

3. The characteristic equation for the expansion and compression 
of one pound of air is PV = 96 T, 

where P = pressure in lb. per sq. ft. 

V = volume in cu. ft. T = temperature abs. in degree 
centigrade. 

One pound of air expands from an initial pressure of 50 lb. per sq. inch 
abs. to a pressure of 20 lb. per sq. inch abs., the corresponding change of 
volume is from 4 to 15 cu. ft., and the mean value of the pressure during 
the expansion (as deduced from a diagram) is 32*7 lb. per sq. inch. 
Calculate— 

(i) The initial temperature. 

(ii) The final temperature. 

(iii) The change in internal energy and the heat received or rejected 

during the change from the initial to the final condition. 
[C„ = 0-169.] 

[B. of E., 1912.] 

4. Air is oompressed adiabatically from 15 to 700 lb. per sq. inch in 
two stages, the air being cooled finally, and also between the stages to 
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tin* initial t ♦ * 1 1 ip« rat i ir* j , u huh is lH fl (?. 1 'aleulato the ini c Triage pr< »h« 

Min* \iliirl» will umk** fit*' u«*rk dour a minimum, also tIn* work done 
per ih. of air, and thr h< at earned away in the cooling water, 

|Mreh. Sr, Tripos, 11)11,] 

ft, The equal ion f* *r t hr i!«*w of hmt in f hr walls of an engine cylinder 
may bo Haamstil to bo 

k V* 

U 0,1 “ fit 

k and v bring the cfinductivity and thermal capacity per unit volume 
of rant iron and V the trmprmf tin* at t irnr t at f hr distance x from the 
surface. Show that thr nolution of this aquation m 

V S3 V| e'“ ,tt, eo8 (0 — mx) 


for a simple harmonic vnriati«m of surface tempera!ure of semi-range 
V, ; 0 bring I hr angle described by t hr crank in tirno /, it h angular 
vr lor if 5* 2.tm, Hence find I hr range at any depth ,r. Provo that 

tin* value of tin* index roidlirii nt m in (mw jk) ; and tint! the heat 
itl iHorhrd in thrrmal units prr square foot of wall surface per period, the 
sen it* range nt thr Mirfnoi being V t . 

[Mech. He?, Tripos, 1000.] 

li Two equal iiir fr(*rtv<TM, charged fo pressures P| and P g roHptadivfdy 
ami ill I hr wane temperat urn, are connected hy a nt op-nock. Thu 
ri op* cock m opened until thr pressures arc equalized, and than cloned. 
/Wuxning no Iona of heat from the system, show that, thr pressure 

Ft *} • P 

ituinrflktidy after Hit! ecMjic m rhwed is - ~ 

fMnedt. Be. Tripos* 1013,] 

7, Stilt# briefly tin 4 st#§» in tIt** argumtmt which jimtifIt *h tha state! nent : 
CM every mill of befit obtainable from a body at alsgolutn tmtiperatimj 

r, nt lwiwt a quantity ~ muat ultimately ba wasted, r # being the 


ImrrHt avnilablr temperature. 

A brut engine fillers in f >00 Th.XJ. at 150® 0,, and rejects its heat to a 

body whose temperat ure risen V <% for ovary a Th.U. of boat absorbed* 
If thr temperature of the body in initially la C. t show that tfio xtmxi* 
mum ttorli which the engine nwi do in 115 Th.th, and that tho final 

tn’injirfiilufr of thr horly will than bo 92 f| CJ. 

[Much. He, Tripou, 101.3,] 

H, a si'fiiidfifiiiilr g«li«i m initially nt mm tempi•ratiiro. Its piano 

fiirr j o is loifldi'iily rniHod to toiriporaturo 0 o and is maintainod at 
flint tuitiporaturu. Show that after t hucomIh the tcanporaturo at a 


dr pi! i x m ft tmmiimi of ^ 


and find an expression for the tempera* 


Innu Bliciit fiirllier that at tirno t the temperature gradient at the 
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h , , . 

where a =-^-, h being the conductivity, c the* 

specific heat, and p the density oi the material. 

[Mech. Sc. Tripos, 1912.] 

9 . A quantity of heat Q per unit area is suddenly communicated to 
the plane face of a solid slab of great thickness. Prove that the tem¬ 
perature t seconds later at a depth x within the solid will be 

/ — «2 

id 

where k is the thermal conductivity, c the thermal capacity per unit; 
volume, and a a constant. 

Plot a curve on any convenient scale showing the temperature distri¬ 
bution in the solid at any time, and show from this curve that a === 
0*565 nearly. 

[Mech. Sc. Tripos, 1911.] 

10 . Draw the entropy-temperature diagram for an ideal gas-engine 

working on the Otto cycle, and compare it with the similar diagram of 
the same cycle when the specific heats are functions of the temperatures 
given by C, = /3 + st, C p = a - f - st, t being the absolute temperature . 
Compare the efficiencies in the two cases, 

11. Show that, if later experimental evidence should require the 
addition of a term dependent on T* in the expressions for the speeifi c 
heats, i.e. if C,=/3-|-sT-j-$T 2 , then the adiabatic law, given on 
p. 82, would become 


Mirface «r= 0 13—7==- 
%/7:at 


pis y-a^+irr^const. 


12. A gas engine has a cylinder, diameter 11-5 in., stroke 21 in., and 
a compression ratio 6*37. The volume of mixture taken in per cycle 
is found to be 0*83 times the stroke volume. The outside temperature* 
is 15° C. and the pressure 14-7 lb. per sq. in. At the beg innin g of 
suction, the temperature of burnt products is 900° C. and for these 
1*25 and the specific heat at constant pressure is 9-31. For this 
mixture entering, the specific heat at constant pressure is 0*242 and 
y=l*4. Assuming the pressure during suction is atmospheric, find 
the heat supplied to the gases from the inlet valve and the cylindeur 
wdls. [Mech. Sc. Tripos, 1921.] 
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CHAPTER V 

The Gas Engine 

Modus or Action—Typks or Known- ITuMPintBY Gas Bump_ 

Cah TimitiNK Mktuods of Impkovino KmciKNOY iNmcAroris 
and Indicator Diagrams Hkat Badanok Hiimktn Enuwk 

TKMTS (ioVKKMlN'ti—CVCUO I RRNIi DliARITY HAIANOINO. 


77 . Modes of Action. . The three ideal cycles of operation 

are : - 

(1) Constant pressure cycle. 

(2) Constant volume cycle. 

(3) Constant temperature cycle. 

And an engine working on one of theso may bo either a 

{I} Two-stroke engine, or 
(2) Four-stroke engine. 

And it may further be either:—■ 

(1} Single-acting, or 
(2) Double-acting. 

This leads to a considerable variety of types, although fully 
HO per cent, of the internal combustion engines in the world 
work on the constant volume cycle, are four-stroke and single- 
acting. The various combinations are set out in the following 
table, and the names of the more important of the representa¬ 
tives of each class are given. Homo engines, such as the 
Humphrey Pump, and Has Turbines, do not fall into any 
distinct class. 
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Constant Pressure Cycle 

i_ 


Constant Volume Cycle Constant Temp. 

Cycle (not used) 


Two-stroke 

1 


Four-stroke 


Single- 

Double¬ 

Single- 

Double¬ 

acting 

acting 

acting 

acting 

(Diesel 


(Diesel 


oil 


oil 


engine) 


engine) 



l 

Two-stroke 
(Clerk cycle) 

i 


Four-stroke 
(Otto cycle) 


Single-acting 
(Oechelhausor 
gas engine and 
others) 


Double-acting 
(Koerting gas 
engine and 
others) 


Single-acting 
(most common 
form of engine, 
oil, petrol or gas. 
Many types) 


Double-acting 
(Cockerill and 
several other 
large gas 
engines) 


The relation between the maximum number of explosions per 
minute and the number of revolutions per minute depends upon 
the class to which the engine belongs. The four-stroke single- 
acting engine has one explosion, and therefore one working 
stroke for two engine revolutions; the four-stroke double¬ 
acting and the two-stroke single-acting engines have one 
explosion per revolution, and the two-stroke double-acting 
engines two working strokes per revolution, as in the case of a 
steam engine. 

Practically all gas engines work on the constant volume 
cycle, sometimes two-stroke but more often four-stroke; the 
former is commonly known as the Clerk cycle and the latter 
the Otto cycle, from the names of those who first suggested 
them. 

78. Typical Otto Cycle Engine. —A typical instance of the 
well-known Otto cycle gas engine is shown in section in Fig. 
29. Gas and air enter through the casting G, and pass the 
inlet valve A (operated by cam arrangements not shown in 
the figure). As the gas and air enter, the piston C moves 
along the cylinder, being drawn by the connecting rod D 
attached to the crank-shaft E. After the gases have been 
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expand doing work, and on the exhaust stroke the exhaust 
valve B opens to allow them to escape into the silencer. The 
cylinder is kept sufficiently cool, to enable it to be lubricated, 
by means of a circulation of water in the jacket space F. - 
79. The Origin of the Clerk Cycle. —This cycle was invented 
some years after the Otto by Dcigald Clerk, who gave the 
following description of it to the Society of Arts in 1905 : 
“ In the Clerk engine the motor cylinder had, at the front ends, 
large ports leading into an annular space, these being the 
exhaust ports. The compression space was conical, and the 
charge was sent in by means of a separate pump, which I 
called the displacer. The action of the engine was as follows : 
When the piston got to the out end of its stroke, and the 
crank was crossing the out centre, the piston overran the 
exhaust ports on the out-stroke, and covered them on the 
in-stroke. Meantime the pump or the displacer piston, which 
was attached to a crank at right angles in advance of the main 
crank, was sweeping in and giving its charge a slight compres¬ 
sion. That charge passed through a connecting pipe, and 
through a check valve, into the conical end, displacing before 
it all the contents of the cylinder. When the main crank had 
returned about 40 degrees of its circle under the centre, these 
ports were closed. It opened about 40 degrees above and 
closed 40 degrees under, and in that time the displacer piston 
had gone fully in and discharged its charge into the cylinder 
and combustion space through the lift valve. Then the 
motor piston compressed the charge, and ignition took place 
at the in-end of the stroke, just as in the Otto cycle. The 
object of the invention was to enable one motor cylinder to 
give an impulse at every revolution. In the Otto cycle there 
is only one impulse for two revolutions, so far as the main 
cylinder is concerned. The Clerk engine gave one impulse 
for every revolution of the main crank in the main cylinder, 
but to make that possible it was necessary to provide an 
auxiliary crank and displacer cylinder.* The idea was, of 
course, to diminish the irregularity of the Otto cycle by having 

* Crankcase compression is now generally adopted for small two- 
stroke engines, thereby avoiding the necessity for a separate displacer 
cylinder. 
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an impulse at every revolution, or more frequent ly, t ha I is lo 
>ny, two impulses per rovoltif ion, obtained by making Mhs 
engine donhie acting, The object was lo go! very much mam 
power for a hi von weight of engine, as the pump wan light 
and only required to deal with its charge at a low pres¬ 
sure/’ 

80. Large fwo-efaroke Engines* Thorn arcs two wall-known 



Fid. 30. Umgrnm of Retorting Engino. I?j und /U Inlet Valviw ; <7 Exhaust 

Vulva. 

designs of largo two-st roke engines, both Herman in origin, vi>>. } 
the KocHing and flu* Occhelhauser. The former in double- 
acting and I fa* hitter single-acting. In the Knurling engine, 
illustrated digram mat ieftlly in Fig. *'10, the pinion A in unusually 
long, and hy alternately covering and uncovering the ex haunt 
port (* m itself a part of t lies valve gear. The mixture of gas 
and air i« admitted alternately at B t and B a from the pump 
(cylinder. If them him just been an explosion at the left-hand 
end of the cylinder, the piston will move to the right, and the 
gmm will expand, doing work. By the time the pinion has got 
to the end of the stroke, it will have uncovered the exhaust 
port (\ arid the burnt gases will rush away. At thin point 
the inlet valve Bj is opened, and fresh air and gas are pumped 
in. This fresh charge m com pressed on the return stroke of 
Hit* piston, and ignited, as before, on the dead point,. The 
Piffle eyetc of events goes on at the right-hand end of the 
cylinder* that there is an explosion at the right-hand end 
when r is uncovered in the left-hand end and. vice versa. 
The pinion receives t herefore just as many impulses an a steam 
engine piston. 

Ail obvious diflieiilty about this method of working in that 

Home of the incoming gas may he caught up by, and pass 
away with, the exlinini products and be lost. This reduces 
economy, but is of little importance when working with what 
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Attention has been given in the previous chapter to the 
question of piston and cylinder wall temperatures, and it will 
therefore be readily understood that in such a cycle as this 
the heating effect of explosions so closely following each other 
will be severely felt and high temperatures are likely to be 
reached by all parts open to the gases. 

In the Oechelhauser engine shown in Fig. 33, there are two 
pistons which are so connected to the crank-shaft as to move 
alternately towards and away from one another. * Air is 
admitted from the pump cylinder through the holes C, in the 



Fig. 33. —Diagram of Oechelhauser Engine. DOR direct Connecting Rod ; 
RGB two Return Connecting Rods ; Air enters by Holes at Q ; Gas 
at D ; Exhaust leaves at B. 

walls of the cylinder, and gas through the holes at D as the 
piston, A 2 , uncovers them in turn. The mixture is then 
compressed between the two pistons as they come together, 
ignited at the dead point, expanded during the expansion 
stroke, and then exhausted by the uncovering of the exhaust 
port B. The engine is single-acting so that only half the 
horse-power is obtainable as compared with a Koerting engine 
of the same cylinder dimensions. The piston A 2 works 
directly on to the crank-shaft as shown, but the piston A x 
has to have a separate cross-head and two long return connect¬ 
ing rods. The balancing is good, as the two heavy pistons 
balance one another. The Gobron-Brilke and an early form 
of the Arrol-Johnson motor car engines worked in much the 
same way. The engine invented by H. F. Fullagart and 

* See also diagram on p. 171. 
t H. F. Fullagar, Proc. 1914. 
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known by his name also bears resemblance to the Oechclhauser. 

That there are difficulties to be overcome in the construction 
and working of large gas engines, particularly those working on 
the two-stroke cycle, is shown by the history of the generating 
station for lighting and tramway work which was established 
some years ago at Johannesburg. The plant was operated with 
Oechelhauser gas engines driven by gas from Poetter producers 
using Transvaal coal. Erom the beginning many difficulties 
arose in the operation of this plant, mainly on account of the 
lack of requisite experience in the manufacture and operation of 
similar installations. The cost per unit is reported to have been 
higher than was anticipated, and the plant has since been shut 
down. This occurrence must not be taken to show that Oechel¬ 
hauser engines are unsuitable for heavy work, since in numerous 
places on the Continent engines of this make are working well. 

Later designs of opposed piston engines are the Camellaird- 
Eullagar Diesel engine and the Doxford Diesel engine. The 
former is of the two-stroke type, having oil fuel injection at 
the centre of the long cylinder. In its vertical form the top 
piston instead of being connected to the crankshaft through 
side rods, as in the Oechelhauser, is connected to the bottom 
crosshead of the adjacent cylinder by diagonal rods. In the 
Doxford engine, oil fuel is injected by a pump working up to 
7,000 lb. per sq. inch. 

81. Other Types of Engines. —There are a number of British 
and foreign makes of engine (e.g. the Ehrhardt and Sehmer 
engine) which work on the four-cycle double-acting principle, 
giving an explosion per revolution for each cylinder, so 
that for two cylinders placed tandem every stroke is a 
working stroke just as in a steam engine. With the tandem 
arrangement there is the advantage that the motion towards 
each dead centre is always accompanied by a compression 
stroke ; this leads to a cushioning action which is useful as an 
aid to overcoming the inertia effects due to the moving parts. 
Engines of this type have met with much success, thus Mathot,* 
writing in Gas and Oil Power , stated that: “ A 600 H.P. double¬ 
acting Ehrhardt and Sehmer engine, with two tandem cylin¬ 
ders, was tested, without previous cleaning, after four months’ 
* December 15, 1906 
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continuous work with coke men ga* of from >1,000 t<> .f/joo 
calorics : flic trial was carried mil by flic makers’ engineers 
under flic supervision of Kgl. BergiiiMpecf ion’* engineer. 
Thanks fo a large gasometer, the record of gun consumption 
was taken for a period of one hour. The mechanical efficiency 
was HI per cent. The engine was new and was tested on a 
normal load. The dimensions of its pistons and piston rods 
were respectively «20 mm. and 170 mm., 750 nun. stroke, 
and 150 revolutions. It just reached 5:20 K\V., generating 
three-phase current. In the condition* of the trial the actual 
thermal efficiency was more than .11 per cent., or nearly 37 J 
jwtr cent, of that indicated. Unfortunately, similar trials to 
thin are rare because gasometer* are not usually sufficiently 
large to measure the exact amount of ga* used by the engine.” 
Allot her well-known type i* the Premier gas engine. Perhaps 
its most familiar feat tiro i* the scavenging of the exhaust 
products by mean* of an air blast. It has been stated that 
this blast is capable of keeping the cylinder interior almost 
free from deposit even when working with bituminous fuel 
gas plant. An account has been published * of a 1,200 H.P. 
four-cylinder gas engine by the Premier (las Kngino Co., 
which was constructed for direct coupling to a continuous 
current generator and consisted of two sets of tandem cylinders 
working on crunks set at ISO degrees apart. A four-stroke 
cycle was employed, so there were two working strokes per 
revolution. A scavenging charge of air supplied from a 
separate air cylinder at about 1 lb. per square inch was used 
to clear the cylinders of waste products. All the valves 
were placed on the. cylinder covers; pistons and exhaust 
valves were both water-cooled, it was stated that., operating 
on producer”gas, a compression pressure of 140 Ih. per square 
inch could be used without any difficulty whatever from pre- 
ignition, and that a test on the engine showed the mechanical 
efficiency to l»e ns much as 87 per cent.. 

82. The Humphrey Gas Pump. -One of the most remarkable 
applications of the internal combustion principle is seen in the 
gas pump invented by H. A. Humphrey, and described by 
him at a meeting of the Institution of Mechanical Engineers 
♦ Engineering, .Tun. 11, 1907. 
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in 1909. Its chief feature is the use of a swinging column of 
water in place of piston and connecting rod, the upper face of 
the water column taking the place of the piston face. 

The following extract from the inventor’s description * 
makes his purpose clear :— 

“ The idea of exploding a combustible mixture of gas and 
air to produce pressure on the surface of water, with the object 
of raising the water, is of course not new, and attempts to put 
this idea into practice date back to 1868. The efforts have all 
been directed too much along the lines of ordinary pumps, in 
so far that the water lifted has always been forced past a non¬ 
return valve, and the operation of such a valve with the 
explosive force behind it has been inevitably disastrous. In 
the types of pumps invented by the author there is, when the 
explosion occurs, a full-bore passage from the combustion 
chamber to the final outlet, also some of the water pumped to 
a high level by the energy of the explosion is allowed to return 
again to compress a fresh combustible charge. When sudden 
changes of velocity occur in masses of a heavy and incom¬ 
pressible liquid, like water, great difficulty is found in con¬ 
trolling the movement of the liquid. All such difficulties are 
removed in the author’s pumps by allowing the movements of 
liquid to control the pump, and by causing the mass of liquid 
moved to be sufficiently large, so that the velocities are never 
excessive. The mass of water forms a pendulum which swings 
between the high and low level, and, by its movement alone, 
serves to draw in fresh water, to exhaust the burnt products, 
to draw in a fresh combustible charge, and to compress the 
charge previous to ignition. With the movements of the 
liquid quite unrestrained by any of the usual mechanical 
appliances, the result is a pump which works with freedom from 
shock and noise, and which requires very few working parts. 

“ The subject attains a wider scientific interest from the fact 
that the apparatus follows a cycle in which the expansion of 
the burnt products is carried to atmospheric pressure, and so 
involves a thermodynamic cycle of greater efficiency f than can 
be claimed for the Otto cycle.” 

It is stated that the pump is suitable for working with 
* Proc, J.MJEJ., 1909. | See example 35 on p. 46. 
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producer gas, suction gas, lighting gas, petrol or paraffin; 
there are no moving parts except the interlocked inlet and 
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exhaust valves to the combustion chamber and the outlet- 
valves from the suction water-tank. The use of a flywheel is 
not necessary, since the reciprocating water column performs 
also the flywheel function. 

The cycle followed is a constant volume cycle, but the 
strokes are not all of equal length. The strokes are, (1) a 
long stroke during explosion and expansion, (2) another long 
stroke during exhaust, (3) a short stroke during suction, and 
(4) a still shorter stroke during compression. 

A simple form of this pump is shown diagrammatically in 
Fig. 35. 

Imagine a charge of gas and air to be compressed at the 
top of the combustion chamber in the space shown and let it> 
be fired by a sparking plug, not shown in the diagram. The 
explosion pressure drives the water out of the combustion 
chamber and sets the whole water column in the discharge 
pipe in motion. As the gases expand the kinetic energy of the 
moving water steadily rises, until the gases arrive at atmo¬ 
spheric pressure. There is then no further driving force on the 
water column, but owing to its kinetic energy it continues to 
move, forward and the pressure in the combustion chamber* 
sinks below the atmospheric pressure, so opening the 
exhaust valve and the water outlet valves from the suction 
tank. Water rushes from this tank into the discharge pipe 
and into the combustion chamber. When the kinetic energy 
of the moving column has entirely expended itself in forcing 
water unto the delivery tank and in overcoming the friction 
due to its motion, it comes to rest and gradually starts to 
swing back again until it rises to the upper part of the com¬ 
bustion chamber and closes the exhaust valve by impact. 
Its further motion is arrested by the cushioning effect of the 
burnt products trapped in the compression space, and gradually 
the water-pendulum begins to swing back again, opening the 
inlet valve and drawing in a fresh explosive charge which on 
the return swing of the water is compressed, and, at the 
dead-point, fired, - so bringing a fresh cycle of events into 
operation. Thus the pumping continues. 

A test by Unwin in 1909 showed a consumption of 1*063 lb. 
of anthracite in the producer per pump H.P. hour correspond- 
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ing to 12,213 B.Th.F. jht I\ll.l\ hour, a very satisfactory 
result. A large Buttery of these pumps was ereefed at the 
Chiugford Reservoir under a guarantee that, not more than 
1-1 lb. of anthracite jht l’.H.P. hour would he consumed. 
In the official trials considerably better results were obtained, 
the average coal consumption being <M)33 lb. of coal jier 1\H.L*. 
hour, and in the case of one of the jmmjts the extremely low con¬ 
sumption of (>’733 lb. of coal jht hour was obtained. 

83. The Gas Turbine. —The groat success achieved by the 
steam turbine has led inventors to make numerous attempts 
to devise a gas turbine and so to reap the joint advantage of 
the high thermal efficiency of the gas engine with the oven 
rotary motion of the steam turbine. Buell attempts have 
not yet met with success. It is certainly possible to get a 
gas turbine to run, hut the efficiency so far realized has 
been very small. The difficulties to be contended with have 
only lately been realized ; they are inherent in the turbine 
and its accessories and no freak design by a lucky inventor 
will overcome them. To appreciate these difficulties it is 
necessary to bear in mind what are the essential features of any 
heat engine. These features can he arranged under the 
following headings 

(1) A furnace or combustion chamber where heat is given 
to the working substance. 

(2) A cooler, condenser, or equivalent heat sump into which 
the working substance exjiands after leaving the furnace. 
For expansion to take place, there must be kept up a pressure 
difference lxdween the cooler and the combustion chamber. 
The. cooler may ho the ordinary atmosphere. 

(3) A mechanism which will utilize the available energy 
of expansion of the working substance as it passes from the 
combustion chamber to the cooler. This mechanism will give 
out external work in return, the positive work of the heat 
engine. 

(4) A mechanism which sujjplies the combustion chamber 
with the working substance. It may also have to withdraw 
the latter from the cooler. The work required for these 
operations is called the negative work of the heat engine, and 
is generally supplied from the excess of positive work. 
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In the ideal engine, there is no loss of heat in the combustion 
chamber. All the available energy of expansion is absorbed 
and there are no losses in the compressor. In this case the 
efficiency will depend on— 

(1) The properties of the working substance ; (2) the nature 
and amount of compression; (3) the nature and amount of heat 
addition, and (4) the nature and amount of expansion. This 
efficiency is called the ideal thermal efficiency of the heat cycle. 

In practice, there are thermal losses which reduce the avail¬ 
able heat drop. In addition, no mechanism is perfect, and 
there are losses both during expansion and during compression. 
The total mechanical losses will depend on (1) the efficiency 
of the expansion mechanism ; (2) the efficiency of the com¬ 
pression mechanism; and (3) the ratio of the positive to the 
negative work. 

The importance of the last item is often overlooked. Yet 
it is generally the deciding factor. It can be shown that an ex¬ 
pansion efficiency of 70 per cent, and a compression efficiency 
of 60 per cent, will give an overall efficiency of 42 per cent, 
only, when there is a positive to negative work ratio of about 
6 ; if this latter ratio is reduced to 2|, the overall mechanical 
efficiency becomes zero. However great the ideal efficiency 
of the heat cycle employed the practical results in this case 
would be nil, since the engine would fail even to turn itself round. 

It is therefore necessary to consider the nature of both 
the expansion and the compression mechanism employed. 
This may be either a reciprocating piston or a turbine (rotary 
blower). In the case of the piston engine the pressure of the 
expanding working substance is directly utilized. In the case 
of the gas turbine, this is impracticable on account of the 
high temperature, and the available energy of expansion is 
first converted into kinetic energy by expanding the gas 
through a nozzle. This kinetic energy is then absorbed by 
the turbine wheel. Comparison will now be made of the 
working of a heat cycle utilizing either— 

(a) A piston mechanism 
or (6) A turbine. 

(a) Piston Engine . The piston engine is admirably suited 
for working the internal combustion cycle. The working 
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cylinder will generally art an its own charging pump. There is 
than no delivery work. Ilia meelmnieal effieieney is very high. 
The* separate operations of expansion and compression (‘an be 
earned out with oflieiefieies of over 95 j>er cent. Strong mix¬ 
tures can ha used m the mechanism in only exposed to high tone 
pernt tires intermittently ; the* ratio of positive to negative work 
in thus high. Cycles of high absolute thermal effieieney (high 
compression ratio) can be utilized. The thermal losses aresmall. 

(fa) The Turbine . The mechanical efficiency in low. Instead 
of a 95 per cent, expansion efficiency, m obtained in the piston 
engine, efficiencies of the order of 70 per cent, at most are 
realizable. More common values would be between 50 and 00 
per cent. The name holds good for the rotary blower. More¬ 
over t het latter in only capable of moderate compression ratios. 
Weak mixtures have to be employed, otherwise the turbine 
blade temperature becomes excessive. The ratio of positive 
to negative work is thus low'. All the gas turbines so far con¬ 
strue tied are quite incapable of driving their own compressors 
and leave at the same time sufficient margin of power for 
external use. The compressor is either driven by the exhaust 
heat of the gas turbine through the agency of a steam boiler 
and auxiliary steam turbine or better still (from the inventors’ 
point of view) compressed air is obtained from “ somewhere 
else* " and supplied to the gas turbine free of charge. No 
independent tests of gas turbines so far constructed are avail¬ 
able, but it is evident that an overall efficiency of 15 per cent, 
tins not been exceeded. From a careful analysis of the problem 
made by Mr. Stern, it follows, moreover, that this efficiency 
cannot possibly be exceeded until a blading material which 
will stand a continuous working temperature of at least 500° (b 
at a rim sfieed of the order of 300 metres a second is available. 
The gm turbine has at present therefore no chance of competing 
with the internal combustion piston engine. This statement 
may at first sight seem difficult to harmonize with the successM 
jKtrformanco of steam turbines. In the ease of the latter, 
however, conditions as to possible ideal cycles are reversed. 
Instead of living forced to employ a heat cycle of smaller ideal 
efficiency, the steam turbine employs a cycle of greater ideal 
efficiency than can be employed in the piston engine. The 
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losses due to pre-condensation are also reduced in the steam 
turbine. These two factors more than outweigh the increased 
mechanical losses. The steam turbine is a success because 
it uses steam, not because there is any inherent virtue in the 
turbine as a mechanism. In the steam cycle, the negative 
work is negligible and change of state gives all the expansion 
required. Replace the steam by a permanent gas as in the 
case of the gas turbine, and the advantages disappear. This is 
shown by the gas turbines so far constructed. That of Armen- 
gaud and Lemale operated on the constant pressure cycle. 
Experiments were carried out between 1903-1906, and the 
overall efficiency did not rise above 4 per cent. The explosion 
turbine of Karavodine (1908) was even less efficient besides 
being only suitable for very small power units (under 5 h.p.). 
The explosion turbine of Holzwarth (1908-11) has been fre¬ 
quently described. It appears, however, that the overall 
efficiency is less than 15 per cent., and this is not enough to 
make the scheme attractive even though the manufacturing 
cost of the plant might possibly be less than that of a recipro¬ 
cating engine of similar power. 

In quite small sizes the gas turbine has lately been employed 
as an auxiliary to the aircraft piston engine. The turbine is 
driven by the exhaust gases of the main engine, and the power 
so obtained is employed to supply air under pressure to the 
carburettor intakes : in this way ground-level conditions can 
be maintained and the customary loss of power with altitude 
prevented. The gain in power due to the use of the auxiliary 
turbine is far greater than any loss of power due to the 
higher back pressure in the exhaust pipe. Constructional 
difficulties are but slight in a turbine so small as 
this. 

84. Methods of Improving Efficiency (Crossley and Na¬ 
tional).—One of the chief causes which limit the efficiency of 
gas engines is the high temperature during explosion and the 
very rapid rate at which heat is then abstracted by the 
walls. Two methods have been tried with a view to 
minimize this effect, the idea in each case being to reduce 
the maximum temperature of the cycle without, however, 
decreasing the mean pressure. These two are the water 
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injection method of Mwrs. Crossloy Bros., and tho super- 
eomproHwon method of Dugald Clerk. 



Fin. - C*firripl»!l Om Knigiii©. Note the disposition of tho inlet and ©x* 

ttunvfc valv©*, and tho water ©wiling arrangements. On the plan at the 
lower iidi l» m»n the I»lf4imc*»haft. 


85. The Water Injection Method.— Messrs. Crossloy decided 
to try tho effect of injecting a small spray of water into tho 
cylinder during the suction stroke. The water, entering as a 
fine spray in part of the air supply, was as evenly distributed 
as possible and did not form a water film on the cylinder wails. 
















128 THE INTERNAL COMBUSTION ENGINE [chap, v 


Very little water is required, because of the high value of its 
latent heat. As the mixture explodes the water mist is 
evaporated into steam and the heat so absorbed prevents the 
temperature of the gases from rising unduly high. A 50 H.P. 
engine so adapted was tested by Professor Burstall in 1904 
and the following records taken :— 


Size of engine . 

Average revs./min. 

„ I.H.P. 

„ B.H.P. . 

Mechanical efficiency . 

Gas used per I.H.P.-hour 
„ ,, B.H.P.-hour . 

Calorific value of gas (lower value) 
Thermal efficiency on I.H.P. 

„ „ „ B.H.P. 

Water used in cylinder 

,, discharged from jacket 
Mean temperature of exhaust as 
measured by Callendar pyro¬ 
meter ..... 


14 in.X21 in. 

166-02 

60-5 

49-7 

82-2 per cent. 

11-77 cu. ft. 

14-43 „ 

578B.Th.TJ. per cu. ft. 
37-43 per cent. 

30-8 

0*131 lb. per minute. 
25-66 


718° E. 


The ratio of air bo gas was 10*2 and the compression ratio 
8-7, corresponding on the “ air standard ” to an efficiency of 
0*58. As the actual efficiency found was 0*37 it follows that 
the engine achieved nearly 64 per cent, of the “ air standard ” 
efficiency. This is a higher ratio than any of those given by 
Dugald Clerk in his 1907 paper before the Institution of Civil 
Engineers (“ On the Limits of Thermal Efficiency in Interna] 
Combustion Motors ”), which showed no higher ratio than 
59 per cent, and that only in the case of a maximum tempera¬ 
ture of 1,098° C., whereas when the temperature rose to 1,750° 
the ratio fell to 50 per cent, and below. On this method of 
comparison, therefore, the water injection method shows to 
advantage. 

Water injection has been tried on a still more extensive 
scale by B. Hopkinson,* who used it to replace entirely the 
usual water jacket system. The work of the Gaseous Explo 

* “A new method of cooling gas engines,” Proc. IM.P., 1913, 
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sioiiB Committee had shown that almost the whole of the 
cooling loss occurred during and immediately after the explosion, 
and that the cooling of that part of the cylinder walls which 
did not form part of the combustion space was chiefly useful 
in keeping the piston cool (since unless the circumference of 
f he piston were kept cool the centre might rise in temperature 
to the pre-ignition point), so that if a jet of water could be 
projected on to the hot face of the piston and on to the walls of 
t he combustion space it might be possible to dispense with any 
other cooling arrangements altogether. This makes for great 
nimplicity in construction and corresponding economy in 
first cost. 

In Hopkinson’s engine cold water is injected through a 
hollow casting projecting into the combustion chamber and 
provided with a number of holes or small nozzles rather less 
t ban a millimetre in diameter. The jets thus formed are 
comparatively coarse, and even after passing through the flam¬ 
ing gas most of the liquid reaches the hot metal surface upon 
which It is directed. These jets are directed against all parts 
of the surface of the combustion chamber and against the 
face of the piston. 

The engine used for this experiment was an 11J in. X21 in. 
C VoBBley engine having a compression ratio of 6*37. The 
following is an extract from the report on the trial :— 

“ The engine was run continuously for 120 hours on an 
electrical load with coal-gas. The engine developed during 
this period 43 B.H.P. on the average, and ran very 
smoothly and steadily. The average mean effective pressure 
was 101 lb. per sq. in. When jacketed, the engine would not 
develop more than 40 B.H.P. continuously without over¬ 
heating, and mixtures giving a mean pressure of more 
than 100 lb. per sq. in. produced excessive maximum pressures 
p,vcr 500 lb.) with violent thumping explosions. The reduc¬ 
tion in maximum pressure, under these circumstances, by 
water-injection is over 100 lb. per sq. in., and the effect is 
very marked, the explosion becoming almost inaudible. This 
effect of the presence of steam in the explosive charge is, of 
course, well known, but the quantity of steam formed in an 
engine cooled in this manner is so large that it constitutes a 
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substantial advantage of the method. It will be noticed that, 
the formation of the steam does not involve any thermodynamic 
loss, such as occurs when water is sprayed into the cylinder 
in an atomised condition and evaporated before reaching the 
walls, since the heat used is that which would otherwise he 
wasted in the jacket-water. The quantity of water used on 
this trial was, on the average, 102 lb. per hour, equivalent to 
2-4 lb. per B.HJP.-hour. The temperature of the engine 
varied from 150° to 180° C. No water was visible on the 
piston or the spindles of the valves, and when the engine 
was stopped at the end of the trial the inside of the 
combustion-chamber was found to be perfectly dry. When 
the engine was jacketed, and giving the same power for 
short periods, the jacket-water removed about 67,000 B.Th.TJ. 
per hour, which would be sufficient to evaporate 108 lb. of 
water at a temperature of 20° C. under atmospheric pres¬ 
sure. The agreement between the available heat and the 
amount of water evaporated is satisfactory, such difference 
as there is being accounted for partly by greater radiation loss, 
consequent on the higher temperature of the engine, and partly 
by the reduction in flame temperature produced by the 
steam, which somewhat reduces the total amount of heat 
passing into the walls. 

“ The engine consumed in this trial 15 cub. ft. of Cambridge 
coal-gas per B.H.P. hour, reckoned at atmospheric tem¬ 
perature and pressure. This is approximately the same as 
it burnt when developing the same power for short periods 
when jacketed. Tests at other loads have shown that with a 
weak mixture the gas consumption is slightly increased by the 
water injection, but with very strong mixtures it is a trifle 
less. The difference, however, does not exceed 5 per cent, 
either way, and on the average it may be said that the economy 
is unaffected by the use of this method of cooling. Indicator 
diagrams taken in this long trial compared with simila.r- dia¬ 
grams taken from the jacketed engine shows that the reduction 
in maximum pressure is counterbalanced by a slightly raised 
expansion line. The pressure is better sustained, partly by the 
formation of the steam and partly by the reduced loss of heat, 
with the result that the diagram is * fatter ’ and less ‘ peaky. ’ ” 
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The method has wince been successfully applied to much 
larger engines. 

86. The Super-Compression Method.- This method in duo 
to Dugald Clerk, who in his James Forrest Lent.are (11HM) 
before the Institution of Civil Engineers, described it thus: 
“ Home time ago it appeared to mo possible to reduce maximum 
temperatures by increasing tho charge weight per stroke given 
to an engine. 1 had experimented with two engines, one 
having a 7 in. cylinder, IB in. stroke, and tho other a 10 in. 
cylinder, 18 in. stroke. These engines, which are of tho 
ordinary standard four-cycle type, are allowed to take in 
the usual charge of gas and air; then at tho end of the stroke 
a further charge of air or other inert fluid is added to increase 
the pressure in the cylinder to 7 lb. or 8 lb. per square inch 
above atmosphere, before the return of tho piston. A small 
part, of the return stroke is, however, made before the pressure 
can bo materially increased as tho added charge takes some 
time to fill the cylinder. This has tho effect of increasing tho 
charge weight, present in the cylinder by about 40 per cent, 
and of increasing the pressure of compression without, however, 
increasing the temperature of compression. Indeed in both 
experiments t he temperature of compression was diminished. 
As the charge present is constant so far as gas is concerned, 
the maximum temperature capable of being produced is much 
ml need. The maximum temperature shown by the diagrams 
taken by me from these two engines is about 1,200° C. Experi¬ 
ments wore made and it was found that the heat-flow was 
reduced to about two-thirds, and further that the moan 
available pressure was increased about 20 per cent.” 

The thermal efficiency of an engine which on working 
without sujwr-eompression was 27-7 per cont. showed an 
increase to 34-4 per cent, when super-compression was adopted. 
One sees therefore that if the atmospheric pressure were 50 per 
cent, higher than it is, it would suit the working of gas engines 
a great ileal lad ter.* 

* Hie converse of ibis is seen in the ease of engines which have to 
work at stations which are at a considerable height- above sea level. 
Tho horse-jiower under these conditions falls off, and manufacturers 
•mindly allow for a loss of alwut 3 per cent, for every 1,000 ft. of 
altitude. 
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The improvements in operation obtained by the water- 
injection and the super-compression methods are of course 
desirable in themselves, but they are really the most welcome 
for what they bring in their train, viz. freedom from cracking 
of cylinders and pistons. 

86a. Other Methods. —In the Still engine an attempt is 
made to recover a substantial part of the heat ordinarily los“fc 
in the exhaust and in the cooling system. The jacket water, 
which is kept at about 180° C., passes into a boiler where steam, 
is raised at 120 lb. per sq. in. ; moreover the exhaust is passedL 
through tubes in the feed water heater ; the steam so raised 
is admitted to the opposite end of the cylinder to that which 
is operating on an internal combustion cycle. The engine is 
therefore both an internal combustion engine and a steam, 
engine. A thermal efficiency of 44 per cent, is claimed. 

Ricardo has urged that advantage should be taken of the 
possibility of increasing efficiency by closing the inlet valvo 
late, so that for a given compression ratio a much larger 
expansion ratio is obtained. This was one of the theoretical 
advantages of the early Atkinson link motion and is attained 
too in the Humphrey Pump (see Ex. 35, on p. 46). If it were 
adopted on the ordinary form of internal combustion engine 
it would add appreciably to the thermal efficiency, and would 
go far to silence the exhaust, but it would of course make for 
a heavier engine. 

87. The Indicator. —A very important instrument used 
in connexion with gas engines is the indicator. It is an appar¬ 
atus which when attached to an engine draws a curve showing 
how the pressure in the cylinder varies at different points in 
the stroke. The best known modern form is the Crosby- 
shown in Fig. 37. On the left of the illustration will bo 
seen a small cylinder containing a cup-shaped piston which is 
regulated in its upward motion by the downward push of 
the strong spring seen above. When the indicator is screwed 
on to the engine cylinder the gas pressure causes the indicator 
piston to rise through a distance proportional to the foreo 
exerted. The little piston rod rises also and communicates 
its motion to the long sloping lever seen above. This lever 
carries at its far end a pencil which traces a line on a paper 
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gh eel fastened round the drum seen on the right which in 
made to oscillate to and fro by the cord shown on 1 extreme 
right of the diagram bring attached to a moving link which lias 
a motion similar to that of the pinion, but less in amount. 
Tho pencil therefore trace** out the dosed curve known as 
indicator diagram. 

Fig. tlH shows another form of the** instrument having trim 
uprimj outride , where it is lens affected by the heat and ho given 
a better reading. Of course all these springs need to be earo- 



InUmml Spring. with Kxtoniul Spring. 


fully calibrated in advance so that it is known how much pres¬ 
sure is represented by a rise of tho pencil point equal to, say, 
1 inch. There are certain qualities which a well-designed indi¬ 
cator should have. It must have a spring stiff enough to ensure 
that the maximum pressure will come well within its range. 
It must haw a well-designed piston, as light as is consistent 
with strength, which will move freely in the cylinder. A 
slight leakage of gas is much lass of an evil than any chance 
of the piston sticking or jambing. In the Crosby form the 
piston is made from a solid piece of tool steel, hardened and 
then ground, and Inpjied to gauge. It in provided with a 
socket to receive the bead at the end of tho spring and has 
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screw adjustments for locking the spring in place. As has 
already been indicated, the to and fro motion of the 
paper is obtained from a cord attached at its other end to some 
point in the upper part of a swinging lever of which the lowest 
point is connected with the engine piston or some part that 
moves with it, so that the motion of the engine piston is 
reproduced to a convenient 
scale. There is also a 
Crosby reducing device for 
doing this. It is illustrated 
in Eig. 39, and its principle 
of action is easily seen 
therefrom. In this device 
the cord at the bottom can 
be fastened direct to the 
crosshead, or other part at¬ 
tached to the piston, the 
cord passing over guide pul¬ 
leys if necessary. It is 
better, however, not to have 
a longer cord than necessary, 
lest its stretching with the 
pull put on it should intro¬ 
duce error in the indicator 
card. Eor very accurate 
work the cord is some¬ 
times replaced by steel wire. 

88. Reflecting Types of Indicator.— Although the indicator 
is an important instrument in gas engine work, it does not 
occupy the position which it holds in steam engine practice 
where lower speeds and pressures are met with. A much more 
rapidly moving instrument is needed in internal combustion 
engines, and such indicators tend to be fragile and are 
therefore little used except for special investigations. The 
usual form of such indicator makes use of a beam of light 
reflected from a vertical mirror which is caused to tilt as 
the gas pressure rises; at the same time the frame in which 
the mirror is held is made to move angularly to and fro in 
time with the motion of the crosshead, thus producing by 
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the combination of motion the familiar shape of the indicator 
card. The beam of light, unlike the steel levers of the older 
form of indicator, has no weight, and therefore no inertia to 
make it lag behind its true position. 

Several models are now in use, but the principle of action 
is much the same in all. A diagram showing this principle 
is given in Kg. 40. It consists of a small cylinder containing 
a piston, just as in the Crosby indicator. The spring, however, 
is a small straight steel beam, held at the ends, as shown in 
the diagram (in some instruments the spring is in the form of 



Beam oP 
~H$ht 


Fig, 40.«~Hopkin*on Flashlight Piston Indicator. 


a diaphragm against which the gas pressure acts without the 
intervention of a piston). The pressure bends this spring 
upwards and so tilts the little mirror about a pivot. A beam of 
light is made to shine on the mirror, and the tilting of the 
latter deflects the path of the reflected beam through twice the 
angle through which the mirror is tilted. The reflected beam 
therefore moves through an angle which is directly propor¬ 
tional to the gas pressure. To give the beam a sideways 
motion equivalent to the stroke of the engine, the rocking 
lever is made to reciprocate the bracket carrying the spring 
beam and the mirror. The mirror therefore gets a partial 
rotation about a horizontal axis proportional to the pressure 
and a partial rotation about a vertical axis proportional to 
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the stroke. This being so, the beam of bght on being reflected 
from the mirror draws a true indicator diagram on the screen, 
and owing to the speed at which the spot of light moves upon 
the screen, the diagram will appear as a continuous curve. 
For permanent record a photographic plate replaces the screen. 
For really high speed work the diaphragm indicator has so 
far given the most useful results. Replacing the piston by » 
thin steel diaphragm reduces the inertia forces considerably V 
the free period of the Watson Diaphragm Indicator is of the 
order of 5,000 vibrations per second. Such instruments, 
however, require frequent calibration and very careful use. 
They are quite unsuitable for the ordinary test shop. 

89. Mean Effective Pressure. —From an indicator diagram 
it is easy to find the mean effective pressure acting on the piston, 
i.e., the average pressure in the working stroke less an allow¬ 
ance for the opposing pressures in the idle strokes. There are 
two methods of doing this:— 

(1) A mechanical method, by using the planimeter. 

(2) A method of approximate computation, by using what 

is called the “ mid-ordinate rule. 5 ’ 

The planimeter is made to follow the pencil line continuously 
and so automatically to subtract the area due to the lower 
part of the diagram ; it thus measures directly the area in sq. 
inches of the closed figure ; if this area be divided by the 
horizontal length of the diagram in inches, it will give the 
average breadth of the figure measured vertically, and this, by 
using the scale of conversion for the indicator spring employed., 
gives the mean pressure in pounds per sq. inch.* 

In the second method a series of equidistant vertical lines 
(usually eleven in number) are drawn across the diagram as 
shown in Fig. 41, so that the first and the last just touch, the 
two ends of the diagram. The mid-ordinates bisecting these 
spaces are then drawn (shown dotted in the figure); the 
lengths included within the diagram of these mid-ordinates are 
then measured and their sum divided by the number of them ^ 

* In the case of a four-stroke engine it might at first sight seem 
desirable to divide the average pressure over the two outward strokes 
and not on one of them only, but the accepted convention is that given 
in the text. 
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This method given, as before, the average breadth of the 
diagram measured parallel to the pressure axis, and so the 
mum elective premure is obtained. 



» i i l l i i i l l i 

Fio. 41.—Obtaining Area by Mid-ordinate Rule. Area ODE counts as 
positive ; area A B as negative. Mid-ordinate height of negative loop 
uuiit ho subtracted from that of positive loop, 

90. Effect of Engine Speed.— The Crosby indicator above 
described is well suited to gas engines running at norma) 



Fio, 41— Indicator Diagram taken from a fast running Engine with a Weak 

Indicator Spring. When expansion curve is wavy, the I.H.P. cannot 
nafely be determined from the diagram. 

speeds, but not to petrol engines, which sometimes run at 
2iM)0 r.p.m. or eren more. At speeds over 600 the effect 
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of inertia-lag is felt even in tlie best of the pencil-indicators. 
At such speeds the piston has not time to get itself and the rods 
fastened to it into a position corresponding to that due to a. 
steady pressure equal in amount to the momentary gas pressure, 
and the resulting diagram is therefore incorrect. Moreover, 
as the engine speed approaches the free-period of the moving 
parts of the indicator, the latter tends to vibrate sympathetic¬ 
ally, and the lines drawn are wavy, as shown in Fig. 42. 

91. Estimating indicated from Brake Horse-Power. —Apart 
from difficulties with indicators at high speeds, it is far from 
easy to count accurately the number of explosions and bo 
ensure that the “ card ” shows an average explosion. It is 
not unusual, therefore, to measure I.H.P. by adding to the 
B.H.P. figure the B.H.P. necessary to rotate the engine light ; 
this assumes that the mechanical loss is constant at all loads. 
Professor Hopkinson has carried out a complete series of tests, 
using the reflecting type of indicator already mentioned, to 
elucidate this point. He found that “ the difference between 
indicated horse-power and brake horse-power is rather less 
than the horse-power at no load under the same conditions of 
lubrication, mainly because of the difference in the power 
absorbed in pumping. In the particular engine tested, the 
error from this cause in obtaining the indicated power would 
amount to about 5 per cent. The friction is substantially con¬ 
stant from no load to full load, provided that the temperature 
of the cylinder walls is kept the same, but the influence of 
temperature is very great.” 

Ricardo * has given the following analysis of engine friction 
applicable to an average high speed engine and expressed as 
back pressure on the piston:— 

Bearings .... 0-75 to 100 lb. per sq. inch. 

Valve Gear . . . 0-75 „ 0-80 

Magneto .... 0-05 „ 0-10 „ 

Oil Pump . . . 0-15 „ 0-25 „ 

Water Pump . . . 0-30 „ 0-50 „ „ 

2-00 to 2-65 „ 

The piston friction is commonly 5 to 10 lb. per sq. inch. 

* N.E. Coast Inst, of E. & S., 1918. 
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92. Analysis of Motion of Indicator Piston.- It Ik important 
to examine mathematically the movement of an indicator 
when set to observe a very rapidly (‘hanging pressure. The 
piston used in the indicator instrument cannot he absolutely 
weightless whatever improvement may be made in reducing 
the weights of the moving lovers (either by adopting lighter 
scantlings or by using a beam of light). Let the pressure 
acting on the base of the piston, of mass M at any time bo p, 
also let piston area = a and the motion of the piston be 8 
inches for each pound per sq. inch of pressure acting upon it. 
Then the forces acting on the piston when at a point z above 
its lowest position :•— 
upwards py,a 

downwards 

8 r dt* 

xi i* % jl % z , a 

therefore M -f x ' V (l - 

dl- 8 


or 


d % x . a 


The Complete Integral is 


pa 

M 


. (1) 


x—r.A sin 


J l J ■ I * B cos 
KM 


dx 

Now when t~o, x—o and ' =o 

dt 

therefore 

x-~. pH f 1 — cos a / a . I 

l V SM 



This means that 


the piston rises to a height yS and then oscillates about that 


position with a frequency equal to 



All this assumes, however, that p is a constant or that it 
increases with such rapidity that it assumes its final value 
Ixifore the indicator piston has had time to move, ft would 
have been more accurate to assume p to rise from zero to its 

final value in, say^th part of a second and to consider what 
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happens during this interval. To do this put p=a x .t where 
a 1 has the constant value given by the equation;—final value 

£ a i 

oi pressure^— . 

n 


Equation (1) now becomes 


d 2 x , a a t 
——— x === —Cl t t 

dt 2 t sm m 1 


• ( 2 ) 


and the Integral 

x=A sin a / JL *4-B cos 
v SM 

And when t=o, x=o and — 

dt 

therefore 


SM 


it • 


a?=S« At — 


S^sin 


SM 


Now S a jt is height to which piston would rise under the 
slow static pressure—call it h so that Sa 1 t=h, and let / be 
the frequency of the free vibration of the indicator piston. 
Then 

f=— a / — or 2nf= a /JL 
27rV SM J V m 

or x= 


h\ 1 


27 ift 


sin 2njt 


( 3 ) 


This means a fractional lag of —- as a maximum, but 

2jijt 

for any particular case it can be calculated thus. One may 
put / as 300, which about represents the use of an instrument 
of the Hopkinson type. 

Then 


x—h 


1890* 


sin 1890* 1 


It will be useful to compute a few values for this for cases 
in which the value of t is much shorter than the periodic time 
of the instrument. When this is so, sin 1890* can be written 
with sufficient accuracy as 
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The relation between x and l in these early stages is therefore 
parabolic. The time t starts, so to speak, first, but x soon 
increases and gradually catches up. 



I'llAI’. Vj 


or 


Vm. 43. - Ih’ngram illustrating the way in which an undamped Indicator 
would follow a rapid explosion. Period of Indicator, *xj. 
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Thus for 

For 

for 


i = T0 0 0TJTr sec 

x 600,000 _ 

T == (100,000) 2 “ 

t = I'cTo'O'0 sec - 


0-00006 


f-=0-006 

h 

<== rsVo 



but for this value of t our approximation no longer holds. 
{ = _^_the calculation should proceed thus 


x 

a 


/, 1000 . , 0ft .\ 

V . 1890 / 

=1— — sin 108° 

1-89 

— 1-L X 0-95=1—0-50 

1-89 


For 


=0-50 


showing that the instrument is beginning to pick up. Evi¬ 
dently therefore it will not do to use an instrument for recording 
an explosion occurring in sec., unless its own frequency 

exceeds 300. 

The following table shows a series of values, and in Fig. 43 
they are shown plotted. 


t 

secs. 

1890 1 

sin 1890$ 

(18901 Sinl890i ) 

SB 

h 

TUI&UU 

— 

_ 

. 

0*00006 


— 

— 

— 

0*006 


— 

— 

— 

0*15 

YC^OO 

1*89 

0*95 

0*50 

0*50 

shs 

3*78 

-0*60 

-0*16 

1*16 

•xh .j 

4*72 

-1*00 

-0*21 

1*21 


7-56 

0*96 

0*13 

0*87 

t hs 

18*9 

0 

l 

0 

1*00 
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Whenever / is a multiple of the value of-- will be TOO. 

h 

The above curve does not of course take account of the fric¬ 
tional forces which prevent the indicator piston continuing to 
vibrate indefinitely. Students are recomme,nded to work the 
problem out, introducing into equation (2) a term representing 
the frictional force. The result will bo to multiply the oscilla¬ 
tory term by a factor of the type <f"** which, when the student 
has plotted the resulting curves, will show that the straight 
lino is soon followed once the curve comes up to and crosses it. 
From the curve in Fig. 43 it is clear that for recording an explo¬ 
sion occurring in nroTTO sec - this indicator with its g-£ 0 - period 
would bc> inadequate. The piston would scarcely have moved. 
For an explosion occupying ten times as long, i.o. j-^oo see., 
the indicator would still be lagging a long way behind. For 
a 3 sec. explosion the actual maximum pressure would bo 
very fairly represented, but not the shape of the explosion 
wave. In fact for useful readings the instrument should not 
b<; used for any sharper explosion than £-* 0 sec. For an ordin¬ 
ary gas engine explosion occurring in 0 sec. the instrument 
would 1)0 quite satisfactory. 

93- Engine Tests.—-These are the tests applied when the 
engine has been constructed and built. They consist in the 
actual running of the engine as nearly as possible under work¬ 
ing conditions. The longest run is at full load, and it is cus¬ 
tomary afterwards to run for a time at half load and at no 
load. Sometimes it is specified that runs should bo mode at 
three-quarter load and one-quarter load, and occasionally over¬ 
load tests are made. It is almost impossible for one 
observer to do all that is necessary in such a test. The 
workshop custom is to measure — 

(I) The brake-horse-power. 

(21 The amount of fuel used per hour. 

(3) The quantity of cooling water used per hour, 

(4) The rise in temperature of cooling water between inlet 

and outlet. 

(5) The revolutions per minute. 

Sometimes the indicated horse-power is also measured, but 
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with high-speed engines this is not usual. Two observers can 
carry out the above tests. When tests are made not as a 
matter of workshop routine but as a matter of special research 
in workshop or college laboratory a very large number of addi¬ 
tional tests are carried out and many observers are needed. 

Indicated horse-power is deduced from the indicator dia¬ 
gram, obtained in the manner already described, and the 
record of the number of explosions per minute. The work 
done in ft.-lb. in a working stroke is 

Mean effective pressure in lb. per sq. inch X area of 
piston in sq. inches X length of stroke in feet. 

This, multiplied by the number of working strokes per minute 
and divided by 33,000, gives the I.H.P. This is, of course, 

the same as the formula given in books on the 

33,000 6 

steam engine, but it must be observed that N must be taken 
as the number of working strokes per minute, not the number 
of revolutions per minute, i.e. in a four-cycle engine N cannot 
be more than half the number of r.p.m. and may be much less 
if the governor should be cutting out explosions. 

Brake horse-power is the power exerted at the crank-shaft 
and it is measured by applying a frictional load to the fly¬ 
wheel, as shown in Fig. 44. A test of this kind is often called 
a cc bench test.” A number of wooden blocks are fitted loosely 
to the rims of the flywheel and connected together by one or 
more ropes or by a canvas belt. A number of heavy weights 
are hung as atP x and a spring balance is placed at P 2 . The 
distance D is measured in feet. As the force due to the weights 
Pi is greater than the force at P 2 there will be a force acting 
against the direction of the arrow of P x — P 2 . The work done 
therefore by the flywheel in one revolution in the direction of 
the arrow = force X distance moved 

= (P I P 2 ) X 7rl), 

and if there be N revolutions per minute the 

T> TT p (P 1 P 2 ) X TrD X N 
' 33,000 ’ 

As this power is all being spent in friction it produces heat, 
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and in i ho larger engines f he flywheel ban to be cooked by a 
water spray. In i ho wry biggest engines even thin is not 
enough and n special water (‘burning brake is used, or else the 
load is '* taken up ” electrically, In the latter canes the engine 
drives a dynamo and the electrical output of the dynamo Is 
measured in kilowatts, when if the efficiency of the dynamo 
be known the BJLP. can be deduced by turning the K.W. 



Fna 41. .Arrangement for Brake Horso-Powor Test. 


into H.P. and dividing the result by the dynamo efficiency. 

94. Mechanical Efficiency.- T ho ratio of is the 

mechanical efficiency of the engine. It is usually from 75 per 
{•out. to 85 per cent, at full load. The amount by which the 
J.H.l*. exceeds the B.H.P. measures the power lost in engine 
f rift ion. It is nearly independent of the load.* Thus in a 
special test of an engine of 70 I.1I.P. the engine friction was 
found to be 

10- 8 H.P. at no load 

11- 0 H.P. at \ load 
11*7 H.P. at full load 

in each case the r.p.m. t>eing nearly 200. 


Set p. 138. 
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These figures show that engine friction is almost indepen¬ 
dent of the load. It rises however very rapidly with rise in 
speed. 

95. Measurement of Cooling Water.—ironi time to time 
during the test a measuring vessel can be placed under the 
outlet, or in some other convenient way a measurement be 
made of the number of gallons of water passing through the 
water jacket per hour. A thermometer is placed in the inlet 
and another in the outlet. Then the rise in temperature of the 
water multiplied by the number of pounds of water flowing per 
hour gives the number of heat units carried away by the 
cooling water per hour. 

96. Heat in Exhaust Gases.—The record of the test will 
show the amount of fuel used per hour. Its calorific value is 
either known in advance or is measured at the time. This 
gives the number of heat units supplied per hour. Some of 
these are turned into work (B.H.P.); others are lost in engine 
friction (I.H.P. minus B.H.P.); others are carried away in 
the cooling water ; and the residue are carried away in the hot 
exhaust gases. As it is not very easy to measure the quantity 
and temperature of the exhaust gases, it is customary to 
ascertain the amount of this loss by a subtraction sum. The 
B.H.P. expressed in heat units per minute is added to the heat 
units lost per minute in engine friction and to the cooling 
water loss pdt minute. Then this total is subtracted from the 
heat units supplied to the engine per minute, and the result is 
called the exhaust loss. 

The engine friction itself produces heat, some of which may 
find its way into the cooling water. Again, the exhaust gases 
in passing out of the cylinder often come into contact with a 
portion of the water jacket and give heat to the cooling water. 
Both tend to exaggerate the true cooling water loss, hut their 
effect is not considerable. 

A suitable test report form for entering up these measure¬ 
ments is reproduced opposite. 

97. Heat Balance-sheets. —A heat balance-sheet as applied 
to a gas engine is a statement of the way in which the total 
amount of heat passed into the engine is employed. In the 
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early days of gas engine work if, was easy to remember that 
roughly - 


Heat passed to wafer jacket, . 

. 40 per cent. 

Heat left in exhaust gases 

. 40 „ 

Heat converted into work 

• 2<> „ 


100 


In the experiments made by the Institution of Civil En¬ 
gineers’ Committee the full load heat balance-sheet was given 
as : 


Dorii^imtion of 

L. 

B. 

X. 

Kxhatihl vip'ir. 

35*3 

40*0 

39*5 

JiW'kf’t WHMtf'. 

23*5 

20*3 

26-0 

Radial ton , 

7-0 

10*0 

7*3 

R.ffJ*. ........ 

20-7 

28*3 

29*8 

Total ....... 

o:m 

i 

| 107*6 

101*6 


In these experiments the exhaust waste was measured 
by passing the exhaust gases into a water-jet calorimeter. 
Jacket waste was measured as the product of quantity of 
cooling water passed and rise of temperature. Radiation 
includes engine friction as well as radiation proper. B.H.P. 
was measured by a rope brake. 

Engine L shows a deficit in the total, so that there must 
have been some error in the experiments. Dugald Clerk 
in his paper* before the Institution of Civil Engineers, “ On 
the Limits of Thermal Efficiency in Internal Combustion 
Motors,” endeavoured to correct this measurement from 
several different possible points of view. He also extended 
the same treatment to tests R and X in order to get the true 
balance-sheet, and putting in I.H.P. instead of B.H.P. (the 
Committee’s records were complete enough to permit of this), 
he found:— 


* February 26, 1907. 
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Designation of Engine. i 

L. i 

R. 

X. 

Exhaust waste. 

1 41-0 

37-1 

39-9 

Jacket waste and radiation . 

27-2 

29-6 

25-4 


31-8 

33-3 

34-7 

Total .. 

1000 

1 1 

100-0 

100-0 


Clerk then points out that the 27-2 per cent, of jacket 
waste and radiation for test L is obviously too low, and that 
heat appears to have been lost in some way. He therefore 
took the total of the exhaust waste and jacket waste and 
radiation items, i.e. 68*2 per cent, and attributed 34*1 per cent, 
to each, so making the balance sheet into:— 


Designation of Engine. 

Jj. 

; R. 

X. 

| 

Exhaust waste.1 

1 34-1 

37-1 

39-9 

Jacket waste and radiation . 

34*1 

29-6 

25-4 

I.H.P. ..i 

31-8 

33-3 

34-7 

Total • 

100-0 

100-0 

100-0 


Clerk considered this balance-sheet probably represented 
the distribution of heat in the engines more accurately than 
either of the others. 

These various attempts at a heat balance-sheet have been 
given in order to show how very difficult it is to obtain a really 
accurate statement. The exhaust wastes originally given for 
L, R and X were 35*3 per cent., 40 0 per cent., and 39*5 per 
cent., and have now become 34*1 per cent., 37-1 per cent, and 
39-9 per cent. 

Rut the matter does not end even here, as Clerk brought 
into use the values found by Mm for the specific heat—values 
which showed a marked increase with,rise of specific heat— 
and used them in some separate experiments of his own with 
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the engine X used by the Committee. He then found that 

the bakmee-Kheet became ; - 

Heat-flow during explosion, and 
expansion . * . . .19*1 percent. 

Heat contained in ganen at end of 
expansion ..... 49*3 „ 

L1LP. ..... 34 •« M 

100*0 

Compare this with the balance-sheet given on p. 142 based 

on the Committee’s experiments :~ 


Committim'H 

Triiiln, 


Mr. p. O'm, 
Triiiln. 


Hcuf-flow during nxploHion and uxpanHion . 
Heat cuntaim*d in gam*« at end of nxpanmon 


J.ll.lt 


25*4 

39*9 

34*7 


1(H 

49*3 

34*9 


Total 


100*0 


100*0 


The discrepancies shown hero are indeed serious. 
Clerk’s comment on them is as follows: “The indicated 
work is practically the same in both trials and the sum of 
the other two items is the same also, but the distribution is 
different. Ixsas heat flows through the cylinder-walls as 
determined by the author’s (Mr. Clerk’s) new method, and 
the exhaust gases contain more heat than tho Committee’s 
calorimeter trials show. The ordinary trials show 9-3 per 
cent, too much heat as passing through the cylinder-walls, and 
practically the same amount too little appears in tho exhaust 
calorimeter. That is, 18-8 per cent, of the total heat remaining 
in the hot gases at the end of the expansion passes into the 
cylinder water-jacket during the flow through the exhaust 
valve upon the first opening and while the piston is making 
its exhaust stroke. This seems to be a quite reasonable 
portion of the total heat, such a portion as experience would 
lead one to expect. Those new diagram trials afford, in the 


J 
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author’s (Mr. Clerk’s) view, a more accurate heat-distribution 
balance-sheet than has yet been obtained in any engine, from 
which can be deduced the ideal efficiency of the working fluid. 
Adding together 

Heat contained in gases at end of expansion . 49*3 

I.H.P.34-6 


Then - =0*41. That is, if this balance-sheet be correct 

83*9 

and the heat loss be assumed as entirely incurred at the'begin¬ 
ning of the stroke, then the maximum efficiency of the actual 
working fluid for the compression and expansion is 41 per cent. * 
of the total heat supplied.” 

Even with such very considerable discrepancies in the 
heat balance-sheets as those discussed above, the student 
will none the less remark that the heat utilized has now grown 
from about 20 per cent, to well over 30 per cent. This 
all-important improvement has occurred therefore in spite 
of the many uncertainties as to how the lost heat divided 
itself up. It is indeed one of the fortunate features of gas 
engine manufacture that improvements do not have to attend 
the settlement of the many intricate problems with which gas 
engine operation is bound up, but proceed by the trial and 
error of experiment with such guidance as theoretical considera¬ 
tions have been able to afford. The great want which in the 
past caused so much theoretical difficulty was accurate know¬ 
ledge of the values of the specific heats of the working fluids. 

98. Engine Tests. — (a) The following figures are taken from 
a test on a 200 H.P. engine and suction plant by Mathot.*f 
The engine was of the four-cycle double-acting type and was 
tested at the works of the well-known firm of Gasmotoren 
Fabrik, Deutz-Cologne. 

Piston diam. ..... 21J in. 

„ stroke ..... 27 x % in. 

* The ** Air standard ” efficiency for this engine =0*49; the “ Gas 
standard ” of efficiency -woo'd {see p. 92) be 81 per cent- of this or 
0*40, which is very near the figure above givenu f 1905. 
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Full Load Tusth. 


Avt-nige r.p.m, 

1ULR .......... 

Burntion of tent, bourn. 

Avorago temporal uro of w&for aft or cool¬ 
ing pmUm ......... 

Average temporaturo of water after cool¬ 
ing cylinder and vulva «oid» . 

Water roiiHuinption for cooling pinion, 

gallon.*-* /hour ... 

Wafer coimumption per Lour in vaporizer 
fun! hmclf o fuel), galls, /hour 
Water consumption per hour in nerub- 
h<*rH ? galls, /hour ....... 

Avemgo temperature of gm at outlet, of 

generator * . 

Average temperature of gm at outlet of 

ftertthlMTfj .. 

OroMM fu**I consumption per B.1LP. hour 
Corn Mp<mding Tie rmai eflieiency 


IMt. 



Varoh 15. 


I/SO'20 

222*83 

10 


14*2 

318 

r#58 w F. 

62*5° F. 

0*720 lb. 

24’4 per cent. 


Other interest ing figures arc— 

Water consumption in galls. per B.TI.P.-hour— 

1. For cooling cylinder, stuffing boxen, valve 

seats and jackets . . . . .4-05 

2. For cooling piston and piston rods . . 1-75 

3. For vaporizer. 0-0055 

4. For washing the gas in the scrubbers. . 1-42 

Also:— 

Wafer converted into steam 
per lb. of fuel consumed in 

generator .... 0-11)3 galls, or 1-03 lb. 

(b) In a careful test carried out by J. T. Nicolson on a 
Crossley gas engine and suction producer plant, the calorific 
value of the gas was 15(5-5 B.Th.U. as determined by analysis, 
and 141) B.Th.U. per cubic foot by Junkor’s calorimeter at 

• Includes fourteen hours of fires banked up. 
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the temperature and pressure of the calorimeter. The folio wing 
measurements were made :— 


B.H.P. = 559. 

Gasper hour = 29,037 cu. ft. corrected to 0° C. and 760 mm. 
Gas per B.H.P. = 51*94 cu. ft. 

Heat supplied = 51 *94 X 156-5= 8,128 B.Th.XJ. perB.H.P.- 

, - . i jv* • 1,980,000 1 2,546 

hour Brake thermal efnciency=——-— X -= ——— 

778 S,12S 8,128 

31*3 per cent. 

Variation in engine speed when horse-power was instan¬ 
taneously dropped from 600 to 50 was from 119*4 to 121 *4 r. p.m., 
corresponding to a total variation of If per cent, of mean 
speed. No back-firing was observed to take place when 
this was done. These tests show remarkably good thermal 
efficiency and satisfactory closeness of governing. 

(c) A third trial is that of a 150 B.H.P. six cylinder vertical 
gas engine which was run for six hours on full load. The 
gas was taken from a pressure producer and had its calorific 
value measured every hour by a Simmance-Abady Calori¬ 
meter. Readings were taken every half-hour of the B.H.P. 


Average air temperature . 
Average air pressure 
On. ft. gas used per hour 
Average Calorific value (lower) 
Engine speed . 




72*2° F. 

29*56" Hg. 

13,000. 

128-1 B.Th.U. per cu. ft. 
325 r.p.m. 

151-3. 


B.ThXL consumed by engine per B.HJP.-hour = 10,590, show¬ 
ing a brake thermal efficiency of—. = 24*1 per cent. 

99. Governors.—The most usual type of governor has two 
balls fastened by arms to the shaft and rotating with it. Such 
governors are shown in Figs. 45 and 46. In the former figure 
it is arranged on a vertical shaft, and in the second on a horizon¬ 
tal one. In Kg. 45 A is the shaft; it carries on it the bracket 
OtCft, Mad at C* and C s are hinged the arms I) a and D 2 carrying 
the halls B* and B* As the shaft rotates the balls tend to 
Sy outwards by centrifugal force, and in doing so lift the 
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sliding collar F. To this collar can be attached a lever or a 
Bystem of levers to act on the engine. The way in which they 
act will be discussed later. In Fig. 46 the name sort of action 
occurs. As the hulls ^ 

Bj and B* fly out they 
carry with them the 
links If j and H a which 
are hinged at <!* and 
(j % to the arms of a 
bracket G fixed on the 
shaft* This outward 
movement causes the ^ 

sliding collar F to slide g 

towards tin* fixed collar 
1), and so to compress 
the spring E. The 
faster the shaft A 
rotates the more the Fra. 45.—Vertical Governor. 

«{*ririg is coni j iresHcd. 

In the vertical governor the effort of the balls to fly out is 
balanced against gravity. In the horizontal form it is 
balanced against the force exerted by the spring. The hori¬ 
zontal governor is 
most used with in¬ 
ternal combustion en¬ 
gines. 

100 . Method of 
Controlling Engine.-— 
The motion of the 
sliding sleeve of 
xa#v either the horizontal 

or vertical governor 
causes a lever to be 
moved which controls 
Wm, 4#.— Horieontol Governor. the engine and brings 

it back to its correct 

speed. This lever can he used to— 

(I) Chit off the whole of the fuel supply for one or more 



Wm, 46. forizontu! Governor, 
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(2) Reduce the amount of fuel used per cycle, leaving the air 

supply untouched; or 

(3) Reduce the amount of both fuel and air keeping the pro¬ 
portion of fuel to air the same; or 

(4) Cause the ignition to come later, or be cut off altogether. 

101 . Hit and Miss Governing.—The first of these alterna¬ 
tives is known as “ hit-and-miss ” governing, because when 
the speed gets too high the governor lever is made to lift up a 
small piece of metal which lies between the gas valve tappet 
and the valve stem. This is shown in Fig. 47. B is the piece 
of metal in question. When the cam E pushes the roller G 

it makes the tappet rod 
GDC, which is pivoted at 
D, push the valve A open. 
(The valve A is the gas 
admission valve; after 
the gas passes this valve 
it joins the air supply, 
and both pass through a 
larger valve, which opens 
a little earlier, into the 
cylinder.) This could not 
be done if B were not in 
line between C and A as 
shown. The governor 

Fig. 47.— Diagram illustrating “Hit- ^f yer ^S B Out of this 
Mid-Miss “ Mechanism. line when the speed is too 

high, and the valve A is 
consequently not opened and no gas reaches the cylinder. 
This reduces the engine speed until the governor again inserts 
the piece B. The engine speed will therefore be kept steady 
at all loads up to the maximum load the engine can take. 

The effect of hit and miss governing is clearly shown on 
the indicator diagram. In Fig. 48 is shown such a diagram 
taken during two successive strokes of an engine. The “ hit ” 
or working stroke is shown at AOD, and the c< ” or idle 
stroke Is shown at AB. The compression line of “ miss ” 
strokeiies Mow that of the “ hit. 53 This is because the gas 
valve is closed on the suction stroke and the air valve' acting 
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alone ia not large enough to fill the cylinder without throttling 
the entering air, with the consequence that the u mim ” miction 
pressures line lien helow that of the “ hit ” suction. It will 
he noticed moreover that the compression line A B almost coin¬ 
cides with the expansion lines BA, In order to exhibit better 
what was going on during the two suction strokes a* “ suction ” 
diagram was taken. It is shown in Fig, 40. A suction diagram 
is one taken with a very weak spring and wit It a stop fixed 
above the indicator piston to limit its rising above a point 
corresponding to about 3 lb. per sq. inch. Tito “ hit ” and the 
“ miss ” suction strokes both start at A, but the latter lies 
at AB much below Hus former at AT). The beginning of the 
compression strokes are respectively BO and I)E, FA is the 
exhaust line after explosion, and it is seen to fall below the 


o 



Fto, 4B»—Indicator Hiitgritm, from a 25 fi.p, gm rtigino, showing effect of 
41 Hit fttwF.MI»i M Governing. 

atmospheric lino ; this shows tho very useful “ scavenging,” or 
denring out, effect of tho rush of exhaust gases along tho 
exhaust pipe. 

102. Quality Governing.- Tho second of tho alternatives 
mentioned in paragraph 100 is called quality governing, as tho 
governor is here used to reduce tho working charge in richness 
or quality. It docs this by '[xirlly cutting off the fuel supply. 
This reduces the mean thermal value of the charge admitted, 
w it h the result that the pressure produced is less and the engine 
KjKJed falls to its normal value. The disadvantage of this 
method of governing is that the composition of the mixture is 
continually varying, and it is not possible to find any fixed 
ignition point to suit all mixtures. Moreover if the mixture be 
made too weak it will not fire at all. 
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103. Quantity GoverningThis is the method of the third 
of the alternatives given in paragraph 100. It consists in 
throttling the working charge, of air and gas, as it is about to 
enter the cylinder. The consequence is that at the end of the 
suction stroke only a part of the usual charge has got into the 
cylinder and the pressure is therefore less than atmospheric 
and the compression pressure is much reduced. The low- 
compression pressure means a low explosion pressure and the 
engine speed therefore falls hack to its normal amount. In 
this method of governing, as in those previously mentioned. 



Fig. 49 .—“ Suction ” Diagram from same engine as Fig. 48. 


the compression ratio is unaffected, and the <{ air standard ” 
of efficiency is also unaltered. Quantity governing is coming 
more into force. At one time it was only used on Continental 
engines, but now is very general in large engines made in 
England and America. 

104. Retarding Ignition.—This means of altering engine 
speed, though theoretically feasible, is not practical. To make 
the spark come later in the expansion stroke, instead of at the 
very beginning of it, is, of course, to diminish the average work¬ 
ing pressure and therefore the speed of the engine. But as it 
leads to the use of just as much fuel whether the engine is 
giving a full power stroke or not, it is uneconomical, and as 
moreover there is the risk of some of the charge getting into 
the exhaust unbumt it may lead to unpleasant explosions in 
the exhaust pipe. Cutting off the ignition altogether intro¬ 
duces the same disadvantages in an aggravated form. 

105. Present Practice. —Generally speaking large gas engines 
usually have quantity gamming, whilst small ones very com- 
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mouly have “ hit-aml-mis*.” Motor-car and aero cnginoH aro 
usually governed by hand on the throttle, ho producing an 
irregular quantity governing. An objection to the “hit-and- 
miss ” system is that in order to produce a reasonable mea¬ 
sure of uniformity of angular velocity in the crank shaft a 
very heavy flywheel becomes necessary. This adds to tho 
cost of tho engine and diminishes its mechanical efficiency, 
ft may in fact bo said that, the two merit s which have enabled 
the “ hit-and-miss ” gear to be used as much as it is, aro its 
great mechanical simplicity and its ability to keep constant 
the proportions of gas and air in the incoming charge, so 
enabling the engine always to he run on its most economical 
mixfure. Continental makers wore the first to break away 
from this system of governing, by arranging that tho governor 
should produce a variable lift of tho gas valve by means of 
a conical cam. As tho air supply was not interfered with 
this meant a continually changing richness of charge and 
hence a corresponding change in thermal efficiency ; this is 
well shown in Fig. ‘2d on p. 1)4, The tendency now is towards 
a regulation of both the gas and the air supplies by throttling 
them after mixture, with the advantage that the mixture 
being of constant composition tho rate of ignition does not 
vary with the varying position of tho governor. Present 
practice has not settled down to any definitely accepted 
standard, and there ate few matters relating to the gas 
engine which are the subject of moro patents. 

106. Turning Moment at Crank-Shaft.— -Tho pressure exerted 
on the piston during tho explosion stroke falls rapidly as the ' 
gases expand. Thus the total force exerted on the piston is far 
greater at the early part, of the stroke than it is at mid-stroke 
and still greater than it is near the end of the stroke. Also 
the angle between the engine centre line and tho connecting 
rod is continually changing; as is the perpendicular distance 
from tho crank-shaft centre to the line of the connecting rod. 
This leads to a very irregular turning effort at the crank¬ 
shaft. 

Thus in Fig. 50, if F l>o tho force on tho piston, P the force 
acting along the rod, and E the reaction from the cylinder wall, 
R and P can be calculated when P is known by applying the 
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triangle of forces as shown ; thus P = F cosec BCA. The 
turning moment about the crank-shaft centre A 

==P. AB. sin ABC = E.AC. 

This is the torque that causes the engine to do work. 



Fig. 50.—Forces acting at Gudgeon Pin and at Crank Pin. 


In order to study it more fully it is necessary to consider 
the variation of F during the cycle. Now F is proportional 
to the height of the indicator diagram, and if the four suc¬ 
cessive strokes of a four-stroke engine are set out in one straight 



Fig. 51. —Effort tending to Rotate Crank in each of the Four Strokes. (Pres¬ 

sure® opposing motion of crank-pin are shown a® negative.) For indi¬ 
cated diagram represented, see Fig. 41. 


lime and the indicator diagram lines are carefully reproduced, 
a diagram of the form shown in Fig. 51 is obtained. Care 
must be taken to allow for the sign of the pressure, e.g., in the 
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portion of tho curve corresponding to compression, the piston 
is retarding the motion of the cnink-pin and F is negative; 
that portion of tho curve in therefore placed below the line AB 
in Fig. 51, Tho diagram repeats itself after every four 
stroke's. It is ohvimm from Fig. 51 that the force F acting 
on tho piston varies very greatly during the complete eyelo. 
To remedy this it is possible to have two cylinders acting on 
the samo crank-shaft and to put the cranks at an angle 
of 180° to one another. This means that while the first 
engine is on its explosion stroke the second will ho on either 
its exhaust or compression strokes, so that tho crank-shaft 
will get two impulses every four strokes instead of only one 
impulse. This may be further improved by having four 



Fio. 82.— Hiiiik* tv* Pig. 81, but with Four Oylintlor*. (Crunk* at 180".) 

cylinders so that there is an explosion in every half revolution 
and the net value of F is as shown in Fig. 52. Even this curve 
is very saw-toothed, hut it gives a steadier forward effort on 
the crank-pin than does Fig. 51. 

107. Inertia Forces.- The curve of Fig. 52 is also subject' 
to a further influence due to the inertia of the moving parts. 
If the engine rotated very slowly this correction would be of 
lit t le importance, but at ordinary engine speeds it has consider¬ 
able influence. At the beginning of the explosion stroke the 
piston is at rest, and by mid-stroke it may be moving at 2000 
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ft. per min. This means a considerable acceleration and 
therefore calls for an equally considerable force, to bring it 
about. Some of F, therefore, is required in overcoming the 
inertia of the piston and small end of the connecting rod before 
any force can be transmitted to the crank-pin. This force 
is not lost, but reappears as the piston slows down in the second 
half of the stroke. The effect of inertia is therefore to lower 
the peaks of Kg. 52 to an amount depending on the engine 
speed and to raise the valleys by a similar amount. This is 
a useful effect, as it tends to minimise the saw-toothedness and 

■ AIJAf. 


0 ier 360 540 ° 720° 

Fig. 53.—Same as Fig. 52, but with allowance for Inertia of 
Reciprocating Parts. 

change it into a curve similar to that in Fig. 53. The amount 
of this change depends on the speed of rotation, and varies in 

proportion to its square. 

108. Flywheel Effect.—The kinetic energy stored up in a 
flywheel is calculated from the following formula or one 
derived from it. 

KE.=|Io> 2 ft.-lb. 

where I = moment of inertia about the axis of revolution 
and co = angular velocity in radians per second. 

From this it follows that 

~ (KE) = Ia>. 

aco 

For a small variation in co compared with KE it is therefore 
necessary that either I or m should be large. For the ordinary 
purposes of industry it is sufficient to ensure that the range 
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of angular velocity never exeec.ls hy more- than J.ih to ..^th 
part, the mean speed. For tho driving of continuous current 
generators only half the above variations are permissible, 
whilst forthe driving of alternators in parallel the requirements 
are fur more stringent, involving a permissible speed varia- 
t ion of but, , 1 „t It or oven in some (vises /, „ th pa rt of the mean. 
Mat hot * has suggested the following formula for use in cal¬ 
culating tho dimensions which should be given to fly wheels 
of different types of Otto cycle engines:— 


where 

1* weight of rim (without arms or boss), in tons. 

1> diameter to eentre of gravity of rim, in foot. 
a • degree of cyclic, irregularity permissible. 
n • revolutions per minute. 

N -- B.H.F. 

k ■-■■■- coefficient determined as below. 

For single cylinder, single acting . . . k = 475,000 

For two opposed cylinders, single acting, or one 
cylinder double acting . . . . k — 300,000 

For two cylinders, single acting, tandem or 

twin. k = 225,000 

For two cylinders, double acting, tandem or twin k —- 75,000 
Note.- Total weight of flywheel may bo put as 1-4 1*. 

109. The usual way to speak of cyclic irregularity is that 
above described,f It amounts to defining cyclic irregu¬ 
larity as the. fraction which tho range of instantaneous 
angular velocity bears to its mean value, in any ono com- 
v plete cycle. There is, however, another way of considering 
the matter. Thus Mr. L. tSehiiler in a paper dealing with the 
driving by gas engines of alternators operated in parallel 
remarks : “The Bjieed of the machines should be as uniform 

* Imknmt Engims (I01O). 

f Tlik k 14 nt«pp iie»|ilrcl way than that dunoribed in tho first 

editten i#f ihk buok* 


M 
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as possible and should in any case be such that the amplitude 
of the angular oscillation does not exceed two electrical de¬ 
grees. 5 ’ An electric degree means of course y th part of the 
angular distance, the passage of which by the armature corre¬ 
sponds to one electrical cycle. It becomes therefore a matter 
of interest to see how the one form of computation can be 
turned into the other. A good deal depends naturally on the 
rate at which the speed variation rises and falls, but for a suffi¬ 
ciently close approximation it may be taken as a sine or cosine 
curve. Then the angular velocity co may be written as equal 
to 

a-f-6 cos c8. 

Where 0 is the angle the crank has moved through, a is the 
mean value of the angular velocity, and b is its maximum 
variation from the mean, so that the speed oscillates between 
(a-f-6) and (a —6). If c be unity this oscillation occurs once 
in a revolution, but if c=2 then it occurs twice, and so 
on. 

Had b been zero the angle through which the crank had 
moved at any time i would have been given by the expression 
at ; if this be called 8 0 it would follow that — 

f-[6 — 0 o )=b cos c& 


As, however, the variation in angular velocity is always small 
it suffices to write at for & in the right hand term, in which case 


or 


-~(d—& 0 )=b cos cat 
at 


Q—B =— sin cc&t 
ca 


and the maximum angular variation of the crank from one 
moving uniformly at angular velocity a would be equal to 


b 


m 

H, for example, c=l and ^-= —the expression equals -L 

a 200 r ^ 200 

radian ca* 0*28 degrees, which therefore is the angle by which 
the real crank leads ox lags on the imaginary crank* 
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Fur these values of c and ha it may be said that the maxi¬ 
mum deviation in about | of a decree. If tho alternator has 
six pairs of poles giving six electrical cycles during one mechani¬ 
cal one. this deviation could also be called !, X (5 or one and a 
half electrical degrees, which corresponds with Mr. Schiller's 
result. 

110. Balancing.— The problem of balancing the parts of a 
gas engine and providing for uniformity of torque as far as 
possible does not differ in principle from the corresponding 
problem in the case of the steam engine, and the author does 
not propose therefore to devote a groat deal of space to this 
subject. The student should refer to what has been written 
on the subject of balancing by Professor Ferry and Professor 
Dal by, both of whom have made a special study of tho matter. 
It will, however, be advisable to give hero a brief account of 
(lie general principles involved, leaving tho application to bo 
made to each and every problem as it presents itself. For 
it must, be remembered that, alt hough t he problem is often sur¬ 
rounded by complications which lead to tho mathematical 
work looking diflieult. and involved, there is really no spoeial 
difficulty about it at all, but merely a necessity that tho funda¬ 
mental principles should he rightly applied and that the alge¬ 
braic or arithmetical work should be carried through without 
mistakes. 

The simplest kind of balancing is that in which a flywheel 
is light on one side and requires a weight (W) fastened to the 
other side in order to prevent any jumping or vibration when 
the wheel rotates. This does not of necessity mean that an 
equal weight must be added to the other side, because it does 
not follow that it will he possible to place tho balance weight 
at. the same distance from tins centre of the shaft, and tho cen¬ 
trifugal force being equal to <wV — (where co=angular velo¬ 
city in radians per second and r distance in feet from the 
centre of 1 he shaft) it is evident that the product of the W and 
the r in the balance weight must come out to a certain amount. 
If therefore the r is very small then W must be proportionately 
greater, and inasmuch as the balance weight is often bolted in 
l»etween the spokes it is clear that r will usually be loss than 
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the radius of the rim of the wheel. This is the simplest kind 
of balancing. The most complicated kind occurs in the motion 
of a rod, like a connecting-rod, in which one end reciprocates 
to and fro in a straight line and the other end follows a circular 
path, with the result that intermediate parts of the rod follow 
a complicated curve and one not easy to treat. In such a case 
as this it is customary to obtain an approximate solution by 
assuming that a certain part of the rod is massed at the cross¬ 
head and the rest at the crank-pin, and it is not unusual to 
make this division of the rod in inverse proportion to the dis¬ 
tance of the centre of gravity from either end. This is only 
an approximation, unless it happens that the rod is so made 
(which it usually is not) that if hung up from the Mg and little 
ends in turn it will swing, pendulum wise, with the same number 
of swing-swangs per minute. When a number of rotating 
masses (real or assumed) have to be balanced it is useful, 
following Dalby’s method, to consider the plane perpendicular 
to the shaft in which one or more of them lie to be rotating at 
the same speed as the shaft and to draw out on this plane the 
force diagram. 

111. The connecting rod influences the problem of the run¬ 
ning of the engine in another way. If the crank-pin rotated 
uniformly and the connecting rod were infinitely long the 
motion of the piston would be Simple Harmonic, and the dis¬ 
placement of the piston from the middle of its stroke would be 
r cos 6 at the instant when the angle between the crank and 
the line of dead centres was 0, the radius of the crank-pin 
circle being r. But tbe connecting rod in actual engines is 
usually quite short, never more than ten times the length of 
the crank arm, and usually much less. This produces a com¬ 
plicated motion of the piston, and it will be useful to calculate 
exactly what it is. Let P be the crank-pin and A the piston 
which, in the position shown, is at a distance AB from the 
beginning of its stroke. The angles 0 and <p are as shown in 
the diagram. OP is r and AP, l AB will be written as x . 
Now it is clear that 

r cos 6 +1 cos <p -fa; == BO 
and BO = l -f r 

so that r ocs 6 -f *l cos <p-)-z= Z -f r • * - • (l) 
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Also \\v have r mu 0 l hiti f ...... . (2) 

It h nummary to ucifiifthm fhrni two equations ho as to find 
x in terms of known quantities. 



fiy. frl, of < trunk pin ami Comtcieimg Hod* 


From (I) 

x 


Also from ( 2 ) 


/ r * r ms 0 — / cos (p 

l {l — mm f) f- r (i - cos 0) 


iin tp sin I? 


and 




cony--- V 1 - ' »in^9 


therefore x /^l \f \ ^ sin 2 ^ ■{ f(l com 0) ... (3) 

and this gives the value «)f x for any value of 0. 

Previously we haves spoken of the distance of tho piston 
from tho mid point of its stroke rather than from either end, 
and it, is useful to follow the same procedure here--call the 
displacement of the piston from mid stroke y—then x+y — r 
or i/^r—x 


no that 


r 


r cos 0 -l 




furthermore 0 is a function of the time, and since uniformity of 
rotation is assumed it will lie directly proportional to the time. 
Put therefore 0 ~s ud 

m that y *~r cos wt—Z^l— \/1 “ ^,sin 2 «wt) ... (4) 
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Since, however is a small amount in all engines an 

approximation to the above may be written as 


=r cos cot- 


=r cos cot- 




- sin* cot 


=r cos cot- 


• — (1—cos 2 cot) 


This very interesting result shows that the position of the 
piston cm be stated as the sum of two SJSJNL’s one of which 
corresponds to an infinitely long connecting rod and the other 
to a S.H.M. of twice the periodicity and of an amplitude de¬ 
pending on the ratio of r to l. The motion in fact is analogous 
to that of the air set into vibration by an organ pipe which in 
addition to giving its fundamental note gives also a weak first 
harmonic. Although this first harmonic is weak in its effect 
on the displacement of the piston, it is considerably more potent 
when velocities and accelerations have to be taken into account, 
as will presently appear. 

Since from (5) 


= r cos cot- 


-cos 2 cot) 


-=—cor sin a>t- 


- sin 2cot 


=—cor ^sin cot-\-^sin2cot^ . . . (6) 

and ~| =—^( cos otf-f-^-cos 2cot^ ... (7) 

It is important to note that expression (6) which gives the 

velocity of the piston at any point has the multiplier — in 

21 

front of the harmonic term, and that expression (7) which 
gives the acceleration and therefore measures ah the inertia 

forces has the multiplier--. It follows therefore that the 

t 
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three multipliers in tin- harmonic term fur displacement, u i<> 

city awl acceleration run thus, ’ ' ami alumin;* that a 

•if ‘21 f 


ratio of — which will product? a f> per cent, difference in (hi* 


I«mition of the piston will hriti# ahntif a Hi per cent, chanr'i* m 
the velocity and ahout 20 per cent , in the nceelcrat ion, It «ill 
now he realized that, when forces are hein^ nicely hakim i d, 
the importance at the harmonic term muni he earrfuilv 
allowed for. 

It i« often useful to hear in mind a simple rule for the value 
of the. aeceleration at the ends of the stroke, i.e. when nd <f 
or 1 ho From formula (7) it will he seen that, (his leads to 

'^either e/“r(l J J ), or w*r( I I ') 


, : T C,-V(l » ') 

a very simple rule, i.e. that the nccelcnitimi at the end of the 
stroke is mure or less than the N.H.M. value h\ the fraction r 
of tiiat value, 

112. Connecting Rod Effect,- f I Iiih m iliitfnf rufftl Uy 11 

gi'«mii*tririi| rfiiint riifiinii t iii^ fa Profrsttor *h fImrimm* 

Tfif* f't iiiHlriirf i«in in m 

il!l i h flu* in!♦ I All fli«* ^mmnrlmu r*ni nf ii'Jiirfi (l r m 

flit* ratlin* i4 jjmvit v, 

IH} /in*! Sli m r |ii rji* e ii«lii iil.ir fa AO* 

\\n i< j#* rji# iplii'iiliir fi* A B, 

Sty Itll4 f#f| 4P* \mth\)r\ fa Iff, 

f*r uliifa k nwIBr of $yn%tUm t 

f f X %h jnn|}f t fa I to, 

ThrllTXX JPimlM ft# *4 I i.iiirJifft af ft* flap af fltr ffMifJf # $f|t 

#tf nil ft§p far*"** 5 ipliftf/ mu Him tufj mnl vttlw* m %% 

m’lirrr m urn*. > of r**i ftinl 7 angular u*lf# ity *4 rmnf 4 jim 

llr {iPPif fif f}i! 4 M 44 *f rtu 111*14to )/ 4 %I'll ill \h‘iry'n Strum 
mnl mny }«r xvfWfvtt t*» l*y flu mi* ii f i# h *, 4, 

Thb Hu* fjii#, fiaii ami auunmt af i} lr **## $ 1 
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forces due to the connecting rod to he calculated for each 
position of the crank. 

If k 2 happens to be equal to the product of AG and GB, then 
GU = L- AC = GB so that the point U would coincide with 
B and the resultant force would pass through 0 and hence 
there would be no “ whipping effect ” of the rod. One often 



Pig. 55. — Resultant of all the Accelerating Forces on a Connecting Rod 

sees connecting rods produced beyond the crank-pin with the 
object of bringing about this relationship. When, it is accur¬ 
ately obtained it will be found that the period of swing of the 
rod about either big or little end will be the same. 


EXAMPLES 

1. In the case of a single-acting gas engine working on a 4-stroke 

cycle, the mean effective pressure is 40 lb. per sq. inch, the diameter 
of cylinder 8 in., the stroke 8 in,, the number of revolutions 360 per 
minute. Hie governor cuts out 1 explosion every 24 revs. Calculate 
the I.H.P. developed by the engine. 

2. Find the I.H.P. of a gas engine of which the piston is 12 in. dia¬ 
meter, its crank is 8 in. long, the engine makes 160 revolutions or 80 
cycles per minute, and 30 per cent, of the possible explosions are 
omitted. The mem area of all the diagrams on a card taken with a 
120 spring in the indicator as measured by the planimeter is 2*62 
sq. inch; length of diagram parallel to atmospheric line 4*03 in. 

(B. of E., 1899.) 

3. The mean effective pressure on the piston, both in the forward 
and back strokes, is 62 lb. per sq. inch; cylinder 18 in. diameter; 
crank 18 in. long. What is the work done in one revolution ? 

(B. of E., 1906.) 

4. The following data arose in the trials of a gas engine :—Stroke 
2S ku ; diameter of piston 1€§ in. j average M.E.P. 68*8 lb. per sq. 
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inch ; number of explosions per mill. 95 ; circumference of brake- 

wheel 24*5 ft. ; average tut load noted in brake teat 484*6 lb. ; average 

speed in r.p.m. 1110* 

Calculate (i) Thu 1JLP. 

(it) The B.H.P. 

(iii) The mechanical efficiency per cent. 

5. The following data are taken from a record of a test of a gm 

engine lining power-gascylinder diameter — 48 in., stroke 54 
in., M.K.P. s= 75 lb. per sq, inch. Number of explosions per min. 86. 
Oils uhccI per min. == 1020 cu. ft. Calorific value of gas ^ 60 C.H.U. 
per cu. ft. B.H.P. aa 645. 

Calculate (I) The T.H.F. 

(ii) Tim mechanical efficiency of engine. 

(iii) Volume of gas used per L1I.P. hour. 

(iv ) Volume of gas used per B.H.P. hour. 

{v) Indicated thermal efficiency. 

(vi) Brake-thermal efficiency. 

6. The M.K.P. in the cylinder of a gas engine is 92 lb. per sq. inch 
when the speed is 160 revs, per min. and there are 72 explosions per 
min. At the same time, the torque exerted by the crank-shaft is deter¬ 
mined by a dynamometer to be 1,440 lb. ft. 

Calculate (i) LILP. 

(ii) B.H.P. 

(iii) Mechanical efficiency. 

The cylinder is 14 in. in diameter with 22 In. stroke. 

(B. of E., 1912.) 

7. W2«n a gm engine m running fully loaded the temperature of 

the exhaust guscs left in the clearance space at the end of the exhaust 
stroke i« 700"' (*., and the temperature of the gas and air sucked in just 
before they enter the cylinder i« 100° C. The clearance space is a 
quarter of the total cylinder volume (including clearance space). 
Bhow that the temperature of the gases filling the cylinder at the end 
of the auction stroke will ho 170° 0. Assume that no heat is lost to 
or gained from the cylinder walk during suction, that the pressure 
inside the cylinder in the same m that of the atmosphere, and that 
the specific heat of the exhaust gases and of the incoming charge is 
the same constant quantify. (Much. Be. Tripos, 1964.) 

8. A ga«« engine working on the Otto cycle, and running at 266 revs, 
per ruin., lias a cylinder ilj in. diameter, and stroke 21 in,, and 
the compression mpmm m 0*185 of the stroke volume. At the end of 
tiifi Miction stroko the cylinder m filled with gas and air at a pres¬ 
sure of 14*7 lb. per sq. Inch, and a temperature of 166° 0. The 
cylinder eoatmt* eonsist of I of gas to 10 of air. The calorific 
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value of the gas is 320 

G.H.U. per standard cubic 
foot. 

The accompanying in¬ 
dicator diagram is taken 
from the engine: find 
the maximum power and 
the thermal efficiency of 
the engine. 

State how you would 
determine the heat given 
to the cylinder walls dur¬ 
ing compression and ex¬ 
plosion. 

9. The indicator dia¬ 
gram of a gas engine is 
shown in below. The 

equation to the expansion 
curve AB is pi? 1 * 26 = con¬ 
stant, and to the com¬ 
pression curve CD is pv 1A 
= constant. The curve 
AB if produced meets the vertical explosion line in E. The absolute 
temperatures of E, D, and C are indicated on the diagram. Deter¬ 
mine the thermal efficiency of the cycle, neglecting the rounded 

comers of the diagram, and taking 
the working substance as air. 

(Mech. Sc. Tripos, 1912.) 

10. Crank 1 ft., connecting rod 4-5 
ft.; what are the accelerations at the 
ends and some other point in the 
stroke, if the engine makes 200 revo¬ 
lutions per minute ? The piston and 
rod and crosshead are 420 lb. ; draw 
a diagram to show the force in pounds 
required to produce the motion. State 
ihe scale clearly. 

(B. of E., 1906.) 

11. A piston and rod and cross¬ 
head weigh 330 lh. At a certain 

instant, when the resultant total force due to steam pressure is 3 tons, 
the piston has an acceleration of 370 ft. per second in the same direc¬ 
tion. What is Ihe actual force acting at the crosshead ? 

(B. of E., 1902.) 

II. In a gas engine release occurs at seven-eighths of the stroke and 
ftt a pressure of 40 lb. per sq. inch absolute. The clearance space is 
a quarter of the total cylinder volume. The engine works on the Otto 
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cycle, expIodeK every time and in not scavenged. The mixed gas arul 
air just before being drawn int the cylinder on tins sued ion stroke biw 
a temperature of HKf 1 C. Estimate the temperature of the charge 
filling the cylinder «ii the end of the unction stroke. 

In making your iwfiinitte you will probably assume that gases before 
and after explosion behave an iho name perfect gas, How far in this 
at#minpfton correct f Illunfrate the possible errors in estimates of 
temperature based on thin anmimption by finding their amount in the 
co»t* of ft mixture of om volume of hydrogen and five of air. 

(Mceh. St*. Tripos* 1004.) 

IX A flywheel 4 ft. diameter in ih© form of a dine 0 in. thick w keyed 
to th© shaft of a highspeed engine. Cakmlato how much energy it 
stores at 500 r.p.m. arid find how much the store of energy m incroasod 
when the speed increases 5 per cent. One c*.u. ft. of material weighs 
4H0 11). (B. of E. t 1912.) 

M. What munt bo the sir.© of a flywheel in order that the maximum 
sp«*cd may not exceed the mean speed of 60 revs. per min. by more than 
0*2 rev. per min. when the area of (lie crank-effort curve cut off by 
the mean crank-effort line represent h 12*5 ft. tons, 

(live tli«5 mean radius of the flywheel and the weight in tong of the 
rim and work out the dimensions on the assumption that the mum of 
the wheel in nil concentrated at the mean radian of the wheel arid that 
the speed ni the mean radius in limited to 50 f.p.H. (Ik of E., 1912.) 

15. Blot roughly the acceleration of the piston masses in a recipro¬ 
cating engine from the following data :— 

Stroke 2 ft. 

Connecting rod 4 ft* 

Speed 2W rev##* pur min. 

Writ© down the acmetemtioiw at the beginning and end. of stroke. 

(B. of K, 1912.) 

III. Ilie Figure kIiows d iagmmma tieaIly the moving parts of an 
OeehclhauKor gnu engine. The piston A m coupled direct to the central 
crank*pin by connecting rod B ; the piston CJ in coupled to the outer 
crank-phtH through a erosshead D» side-rods E, and connecting rods 
F. The pistons move in opposite directions, and the explosion takes 
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place between them. The mass of piston C with its attached recipro¬ 
cating parts is 8 tons, that of A is 4 tons. The stroke of each piston 
is 43 in., and length of each connecting rod is 108 in. Find the magni¬ 
tude and direction of the unbalanced horizontal inertia force on the 
engine at each dead-point, when the speed is 100 revs, per min. 

It is often assumed in the calculation of inertia forces that the con¬ 
necting rod may be treated as though half its mass were concentrated 
at each end. Discuss this assumption and explain its practical con¬ 
sequences in regard to the problem of balancing. 

(Mech. Sc. Tripos, 1913.) 

17. The two 
indicator dia¬ 
grams * here¬ 
with were 
taken from a 
gas engine. The 
temperature at ^ 
the point A 
was measured 
directly and 
found to be 
100° C. The 
corresponding 
pressure and 
volume can be 
found from the 
diagram. Cal¬ 
culate the tem¬ 
perature at the 
point B. What 
further data 
are required to 
enable you to 

calculate the temperature at a point C on the expansion line ? 

131® pressure of the atmosphere is 14-7 lb. per sq. inch, and the clear¬ 
ance is of displacement volume. 

The cylinder of the engine is 5-5 in. diameter and the stroke 10 in. 
The B.H.P. of the engine was varied, and the speed was maintained 
(by a hit-and-miss governor) approximately constant at 370 r.p.m. 
during the trials. Determine from the diagrams and the following 
data, the frictional ILF. of the engine for each loading:— 




BJEEJEk.5*51 3-78 1*6 0 

Explosions per min. . . 150 120 75 44 


(B. of E., 1913.) 


* These two diagrams are not really consistent, but the puestion is 

mm worth study. 




CHAPTER VI 


The Gas Producer 

Theory—Typical Suction and Pressure Producers—Tests— 

Costs—IJse of Gas Producer for Marine Purposes—Appendix 

CONTAINING DESCRIPTION OF MODE OF OPERATION OF SUCTION 

Gas Plant. 

113. Producer Gas. Theory .—In a steam boiler the energy 
stored up in the coal is liberated by combustion in an atmo¬ 
sphere containing oxygen. In other words, heat is liberated 
by the combination of the carbon with oxygen first to form 
CO, and then, if enough air be present to add a further atom 
of oxygen to the molecule, to C0 2 . When 12 kg. of carbon 
(that is to say the atomic weight of carbon taken in kilograms) 
are oxidized to CO, 29,400 calories * are given off, and when 
C0 2 is formed a further 68,200 calories are liberated, 
making a total of 97,600. This means that if the carbon 
be only oxidized to the CO stage not more than about 30 
per cent, of the available heat energy is given up, and that 
by far the most of the available heat is obtained from the 
stage in which CO becomes C0 2 . Even supposing that in 
a given steam boiler the whole of the 97,600 calories were 
given off from each 12 kg. of carbon (neglecting for the moment 
the hydrogen and hydrocarbons in the coal) only a fraction, 
not greater than 70 per cent., usually gets to the water, and the 
balance goes away up the chimney or is lost by radiation. 
With gas producers such heavy losses do not occur. Their 
efficiency depends upon the working process, but it may be 
taken as being seldom less than 80 per cent, and often as much 
as 90 per cent, even when working with anthracite coal and 

* In this chapter the calorie is the kilogram-calorie. 
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not chemically pure carbon. In a gas producer, air is forced 
or drawn through a mass of highly heated fuel, with the result 
t hat the carbon is oxidized. Also, in order to keep the tempera¬ 
ture within reasonable limits, and for another reason to be 
given later, steam is admitted along with the air and "both 
together pass upwards through the glowing fuel. 

When the air and steam are forced through by pressure 
the producer is called a Pressure Producer. When however 
they are drawn through by suction caused by the suction 
strokes of the engine, they are known as Suction Producers. 
The theory in both cases is similar. 

It may seem strange to those who approach the subject 
for the first time that it should be possible for the gas given 
off to contain as much as 80 to 90 per cent, of the total 
heat energy in the coal. It would be apparent to them from 
their knowledge of chemistry that even if pure CO came away 
from the producer, and no C0 2 at all, there would be a loss 
of the 30 per cent, of energy liberated when the carbon was 
oxidized to CO, leading to an apparent maximum efficiency 
of 70 per cent. The explanation is that this 30 per cent, is 
not lost. It serves to keep the furnace alight, and to decom¬ 
pose the entering steam into hydrogen and oxygen, thus— 

2H,0 = 2H a +0 t (1) 

and in so doing it stores up 116,400 calories for each 36 kg 
of steam decomposed. It is easy to see that by suitably balanc¬ 
ing the proportions of air and steam admitted, it is possible 
to absorb the greater part of the 30 per cent, of energy 
Iterated by the formation of CO, and to carry it as potential 
chemical energy to the gas engine, where the hydrogen and 
oxygen can again unite. In reality it is not quite so simple 
as this, because the oxygen from the decomposed steam has 
also to pass over glowing carbon, with the result that a 
further supply of CO is formed. Radiation of heat from the 
producer prevents the efficiency being 100 per cent. 

Following generally the procedure adopted by Nr. Dowson, 
who invented the first of these plants, the reactions may be 
^mi-33aathematically stated thus :— 

Taking weights equal to molecular weights in kg. 
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Carbon-monoxide is thus formed :—■ 

20+02=200+58,800 calories ... (2) 

Carbon-dioxide would be formed thus :_ 

C+0 2 =CO 2 +97,600 calories . . . (3) 

The former of these two equations gives a gas having a 
calorific value of about 119 B.Th.U. per cubic foot, but when 
steam is admitted this value rises rapidly owing to the hydrogen 
present. 

As already stated the decomposition of steam follows 

2H 2 0=2H 2 +0 2 —116,400 calories . . . (4) 

the negative sign-meaning that heat is absorbed and not 
liberated. The oxygen so produced also joins in the re¬ 
action, so that one of the following formulae 


H 2 0+C=H 2 +C0—28,800 calories ... (5) 
or 2H 2 0 +C=2H 2 +CO 2 —18,800 calories . . (6) 

is followed in the decomposition of the steam. In both 
(5) and (6) an absorption of heat takes place which allows 
of a balance being obtained by a careful regulation of the 
relative proportions of air and steam admitted. 

114. It is useful to discover what quantity of water is 
theoretically required per pound of coal in order to keep this 
reaction balanced. 

Assume that the reaction follows equations (2) and (6). 
Really it will not follow quite such simple laws, but it will 
approximate thereto if the temperature is high enough.* 
Equation (2) shows that for each 24 kg. of carbon used 58,800 
calories will be liberated, and equation (6) that 18,800 calories 
will be absorbed by each 36 kg. of steam dissociated, requiring 
also for its dissociation 12 kg. of carbon. To absorb the 

whole of the 58,800 calories liberated 36X— ^ kg. of steam 

18,800 

would be required. But the steam is not admitted to the 
producer as steam, but as water, and there is therefore the 

* According to Hobson, equation (5) is followed at a temperature 
Of about 600° C.; and equation (6) from 900 to 1000° C. At tempera¬ 
tures between 600 and 1000 both reactions occur. The equilibrium 
state is a function of both temperature and time. 
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latent heat of evaporation to "be considered. Now the latent 
heat of 36 kg. of water-vapour at 20° 0. is 21,600 calories, 
and this must be added to the 18,800 calories due to chemical 
dissociation, making a total of 40,400 calories, so that only 

36 x ■ kg. of water would really be required, and this 

40,400 

works out at 52*4 kg. of water. The quantity of carbon 


✓ 12 \ 

corresponding to this is clearly 24 + (rr X 52*4J: 


17-5=4! *5 kg. of carbon. So that -A-_ or 1*26 kg. of water 


will be required for each kg. of carbon. 

The next point to determine is the nature of the mixture of 
gases given off in this way. Equation (2) shows that for each 
24 kg. of carbon there will be given * off 22*4 X 2 X 1,000 
litres = 44,800 litres of CO. Equation (6) adds to this an 
equal volume of hydrogen and half the volume of C0 2 for each 
12 kg. of carbon. Now the quantities in equation (6) must 
clearly be proportional to 17*5 and not 12 kg. of carbon, and 

17*5 

therefore the volume of hydrogen will he-X 44,800=65,200 

12 

litres and the volume of CO 2 will be 32,600 litres. The total will 

therefore be 


CO :— 44,800 litres 

CO 2 32,600 „ 

H*65,200 „ 


142,600 litres or 142*6 cubic metres. 

But if must be remembered that in equation (2) oxygen 
is supplied to the extent of 22,400 litres, and that as this 

is drawn from the air it will be accompanied by_X 22,400 

21 

litres of nitrogen which will pass through without change. 

7Q 

So that to the above table must be added — x 22,400 = 

21 

* Bftfis&d on the principle that the molecular weight of any gas taken 
b. grams will occupy a volume of 22*4J itres. (Some recent work has 

mm Ml on a revised figure of 22*25 litres.) 

*F 4 yte+~**** 1 ^. 
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84,100 litres of nitrogen,^ making the total and proportions 
thus :— 


CO . 

. 44,800 

co 2 . 

. 32,600 

h 2 „ 

. 65,200 

N,. . 

. 84,100 


litres or 19*8 per cent 
„ or 144 per cent 
or 28*8 per cent 
„ or 37*0 per cent. 


226,700 100*0 

Thus 226,700 litres of gas are given off for each 41*5 kg. 
of carbon or 5,450 litres per kg. of carbon, and 5,450 litres 
is of course 5*45 cubic metres. 

What is the calorific power of this producer gas ? The 
1ST 2 and C0 2 can give nothing. The CO will geld (97,600 — 

29,400) calories for each 28 kg. of CO, or —= 2,440 

5 28 

calories per kg. of CO. The H 2 will yield 116,400 calories 
per 4 kg. of gas, or 29,100 calories per kg. of hydrogen. Take 
1 cubic metre or 1,000 litres of the producer gas. It will 

I QQ 

contain 198 litres of CO yielding -X 68.200 = 602 

J 6 22,400 

288 

calories, and of hydrogen -X 58,200 = 750 calories 

22,400 * 

making a total of 1,352 calories per cubic metre. Furthermore 

the steam formed by the union of the hydrogen and oxygen 

will be capable of yielding up its latent heat, which will add 

21,600 calories for each 4 kg. of hydrogen concerned. Now 

288 

the weight of the hydrogen in 1,000 litres of the gas is- 

X 2 kg. and the calories in the latent heat of the steam will 

therefore be .. - X 2 X — — =139 calories, which when 

22,400 4 

added to the 1,352 calories found above, makes a total calorific 
value of 1,491 calories per cubic metre of the gas given off by 
the producer. In cases in which the latent heat of the steam 
formed cannot be utilized, it is customary to use the lesser 
value of the calorific constant, and write it down in this case 
as 1,352 calories only, which is nearly 10 per cent. less. The 

N 
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figure of 1,491 calories per cubic metre corresponds to 168 
B.Th.U. per cubic foot. 

115. Dawson has carried out calculations similar to the 
above for a number of possible reactions, and the following 
tables show some of the results he has found. 


Reaction 

between 

Air and 

Carbon : 

proportions 
of CO and 
CO® 
formed 

per cent, 
by volume, 1 
depending J 

upon the j 
tempemtum j 

of the J 

reaction 

Composition of gas per cent, 
by volume 

(Steam decomposed according 

to equation (6)) 

Steam 

used 

per 

Kilo 

of 

Carbon 

das 

formed 

per 

kilo 

of 

Carbon 

I Calorific 

Power of 

Gas mad© 

CO 

m 

8 

1 

1 

! 

CO® 

| CO 

H s 

N s 

Kilos. 

Cubic 

Metres 

Calories 

per 

Cubic 

Metre 

B.Th.TL 

per 

Cubio 

.Foot 

0 

100 

! 

t 

28*45 


40*25 

31-3 

2*12 

6*54 

1,243 

139*7 

10 

90 


27*8 

( 0*9 

39*7 

31*6 

2*08 

6*48 

1,254 

140*9 

20 

80 j 

27*1 

I 1*9 

39*15 

36-85 

2*0 2 

6*41 

1,267 

142*4 

30 

70 


26*3 

3*0 

38-5 

32*2 

1*97 

6*34 

1,282 

144*0 

40 

60 


25*35 

4-3 

37-7 

32-65 

1*19 

6*26 

1,298 

145*8 

50 

50 


24*3 

5*85 

36*8 

33*05 

1*83 

6*17 

1,316 

147*9 

60 

40 


23*0 

7*65 

35-8 

33-55 

1*75 

6*07 

1,340 

150-5 

70 

30 

21-5 

9*8 

34-55 

34-15 

1*66 

5*95 

1,366 

153-5 

go 

20 


19*6 

12*4 

33*0 

35*0 

1*55 

5*81 

1,398 

157*1 

90 

10 

17-3 

15*65 

31*1 

35-85 

1*42 

5*65 

1,438 

161*6 

190 

0 

14*4 

19*7 

28*8 

37*1 

1*26 

5*45 

1,490 

167-5 


This table serves to show the very complete way in 
which Dowson worked out the chemical problems relating 
to producer gas, and the student who wishes to pursue such 
matters further is referred to that writer’s interesting book 
on the subject. 

We have now discussed the ideal conditions of working. 
In practice, about the theoretical weight of water is used in 
suction producers. For pressure producers such as the Mond 
producers an excess of steam is admitted in order that the 
temperature of the coal may be kept to a point lower than 
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that at which ammonia dissociates, it being a feature of this 
process to recover and sell the ammonia produced from the 
nitrogen contained in bituminous coals ; the effect of this, 
incidentally, is to lower the thermal efficiency of the producei 
to about 80 per cent. 

Equation (5) is sometimes followed instead of equa¬ 
tion (6) for the decomposition of the steam, depending on 
the temperature of the reaction and the masses involved.* 
Mr. Dowson gives these two comparisons of the theory and 
practice in each case:— 



Theory. 



Practice. 

Gas formed according to 
Equations (2) and (5) :— 

Gas made at Millwall. 

121-3 vols. contain same weight 
of carbon and consist of :— 

CO 

h 2 . 
n 2 . 

- 

. 

Per cent, 
by Volumes. 

. 39-9 

. 170 

. 43*1 

CO . . 

Ho . . 

No . . 

co 2 . . 

Methane . 

Volumes. 

. . . . 33-5 

.... 18*6 
. . . . 62*8 

. . . . 4*7 

.... 1*7 




100-0 


121*3 

Gas formed according to 
Equations (2) and (6) :— 

Gas made at Winnington. 
117*6 vols. contain same weight 
of carbon and consist of:— 

CO 

h 3 . 
co 2 . 
N, ■ 

. . 

• 

Per cent, 
by Volumes. 

. 19*7 

. 28-8 
. 14*4 

. 371 

CO . . 

h 2 . . 

co 2 . . 

n 2 . . 

Methane . 

Volumes. 

. . . . 12*9 

. . . . 34*1 

. . . . 18*8 

. . . ' . 49*4 

.... 2*4 




100-0 

117*6 

It will be noticed that an excess 
of air has been admitted in each 





case. 



116. Actual Producers. In Eig. 56 is shown a reproduction 
of a working drawing of a 150 H.P. suction producer made by 
the Campbell Gas Engine Co. The steam required for the 
reaction is derived from the annular boiler surrounding the gas 
producer, and the heat necessary for vaporization is derived 
* See footnote on p. 175. 
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from the heat of the fuel This steam passes with the air down 
a pipe leading to the base of the gas producer, and is then drawn 
through the glowing fuel which is maintained at a temperature 
of about 1,000° C. The air and steam on passing through the 
furnace are decomposed in accordance with the equations 
already given, and the hot producer gas then passes through 
& dust trap or separator, and then past a water seal into the 
coke scrubber which consists of a tall vertical vessel containing 
coke upon which a winter spray is kept playing. This cools 
the gas, condenses any steam there may be in it and serves 



Fig. eternal elevation of a 150 H.P. Campbell Suction Gas Producer, 

Fuel is "first admitted through the hopper B. Air then enters at A, 
picks up steam on its way and passes by the pip© E to the grate G. The 
g«e« come away from the upper part of the producer and pass by the 
pips system shown at I) to the Scrubber Chamber, where they are cleansed, 
and cooled. Th© gases are next drawn along the pipe I to the expansion 
box Q on their way to the engine. 

generally to cleanse it. Thence the gas passes to a gas box * 
to equalize the pressure, and from that it is drawn into the 
engine as wanted. A full description of how to work such 
a producer is, on account of its possible value to such 
readers who maybe unacquainted with the actual working of 
such plant, given as an appendix to this chapter. The above 

* This box should be put as near the engine as possible. 
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description applies to a plant using anthracite.* When it is 
desired to use coke as fuel, a sawdust scrubber is usually re¬ 
quired in addition to the coke scrubber. An outside view of 
a similar plant is also given in Pig. 57. 

There is not a great deal of difference between the different 
makes of suction producer plant. Fig. 58 shows an out¬ 
side view of a National Gas Engine Co. type, similar to that 
which was awarded the gold medal at the Royal Agricultural 
Society’s Trials in 1906. Its internal arrangements are much 
the same as those already described, except that the vaporizer 



is fed with water which has first been heated by being passed 
through a pipe in the gas outflow passage and is then vaporized 
on the “ flash” system. 

Pressure producers are worked on much the same general 
principles, except that the air and steam are forced through 
the coal instead of being sucked through. In general, too, 
they are for much larger plants. Suction producers are usually 

* Bituminous fuels cannot he used in suction gas producers, unless 
of the specially designed type made by Dowson and a few other makers, 
and such- producers are less simple to operate. 
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for quite small outputs—commonly about 30 or 40 H.P. 
and rarely going beyond 500 H.P., whereas the power from 
pressure producers may run into thousands of horse-power. 



and the latter are therefore of a much more extensive nature, 
and a good deal more complicated, especially when a feature 
is made of by-product recovery. 

117. Herts. It will he of interest to give here some figures 
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from the tests held on suction producer plant in 1905 by the 
Highland and Agricultural Society of Scotland, and in 1906 
by the Royal Agricultural Society. 

In the 1905 trials ten complete plants, exhibited by six 
different firms, were sent in for the competition. Particulars 
of these plants are given in the following table (see p. 184). 

The result of the trials was given in the Judges’ report,* 
of which the following contains an account. 

Each plant was allowed half an hour of steady working 
before the actual power test, at the end of which the plant 
was brought back as nearly as possible to the same condition 
in respect of fuel, etc., as it was at the beginning of the trial, 
and the actual weight of fuel supplied in the interval was 
taken as that consumed by the plant during the power test. 
The obviously weak point in this procedure was that it was 
quite impossible to determine absolutely whether the plant 
was really in the same condition at the end of the trial as it 
was at the beginning. By running the test for a long enough 
time, however, any slight error in this respect could be rendered 
of little importance, and probably the method adopted was 
the best one. The alternative would have been to start the 
producers up from rest, and note the fuel put in, then at the 
end of the trial, note the proportion in the producer which 
had nob been burnt, subtract the two, and add to this any fuel 
which had been introduced during the test. This procedure 
was adopted at the R.A.S. trials in 1906, except that the fuel 
consumed when the producers were banked up all night was 
also included, so leading to the disadvantage that it did not 
give a real fuel economy test. Also it was extremely difficult 
to tell at the end of the trial how much of the fuel left in the 
producer could properly be said to be “ unburnt. 55 

In the Scotch trials it was found that the coal per 
B.H.P.-hour at full load varied from 1*25 to 0*84 lb., and at 
half load from 1*55 to 0-91 lb. This was for the 8 H.P. sizes. 
For the larger, 20 H.P., plants the fuel per B.H.P.-hour at full 
load varied from 0-93 to 0*77 lb. and at half load from 1*08 to 
0-92 lb. These results serve to show how economical the 
suction producer plant is when compared with steam engine 
* Engineering , November 17, 1905. 


Gmm s&tt* DiMBNsioira and Particulars of Suctioh~Gas Flakth Entered 
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plant of the same output; the latter would consume any¬ 
thing from 2j times to 4 times as much fuel per B.H.P. Other 
interesting figures reported by the Judges are that the capa¬ 
city of the producer per declared B.H.P. varied from 0-124 
cu. ft. to 0-295 cu. ft. for the 20 H.P. size, and from 0-161 
cu. ft. to 0-372 cu. ft. for the 8 H.P. size. Each of these 
figures show a ratio of about 2-3 to 1 and the price of the 
plants varied also but in not so great a ratio. The variation 
in cubic feet capacity per B.H.P. was an indication that 
little had then been done towards standardization of design. 

118. The tests carried out by the R.A.S. in 1906 were 
considerably more elaborate, and, as already stated, a different 
procedure was followed. The report of the Judges had been 
published and, although in some aspects it may be said to be 
controversial, it is certainly worth study. Fourteen plants 
were entered for trial and all but three ran through to the 
finish. The capacity in each case was 15 to 20 H.P.* A 
list of the plants with their leading dimensions and other 
particulars is given here— 


Name of 
Producer. 

Name of 

Engine. 

Eevs. / 
min. 

Stroke 

In. 

Diam. 
of Cyl. 
In. 

Declared 
B.H.P. on 
Anthra¬ 
cite. 

National 

National . 

190 

18 

10 

20 

Dowson 

Railway and 
General 

170 

18 

12 

20 

Paxman 

Paxman . 

220 

15 

9* 

15-5 

Dowson 

National . 

190 

18 

10 

20 

Campbell . 

Campbell 

200 

19 

9J 

18 

Campbell . 

Campbell 

190 

20 

10 

20 

Dudbridgc 

Dudbridge . 

200 

17 

9f 

20 

Mersey 

Gardner . 

200 

18 

9 

20 

Bindley . . . 

Hindley . 

600 

7 

7 

16 

Kynoch 

Kynoch . 

240 

18 

9 

17 

Newton 

Newton . 

200 

18 

9 

20 

Fielding 

Fielding . 

220 

18 

H 

18 

Crossley 

Crossley . 

220 

21 

8J 

17 

Crossley 

Crossley . 

180 

21 

84 

15 


Measurements made of the fuel and water consumption 
showed figures ranging from. 1-47 to 1-04 lb. of anthracite 
Grate areas averaged about 8£ sq. ins. per B.H.P. 
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per B.H.P.-hour and from 3-61 to 0-73 gallons of water per 
B.H.P.-hour. The enormous variation in the quantity of 
water required was very striking, and it showed that there 
was a considerable difference in the manner of operation of 
the various plants. As the water required for steam making 
is very small, practically the whole of the above difference 
must have been due to the different quantities taken by the 
scrubber. 

The Judges published the following conclusions as a result 
of the consumption trials— 

That with a good suction producer plant, working contin¬ 
uously, at the specified loads and under the best conditions, 
the following results may be anticipated:— 


With Anthracite. 

Full load : 1*1 lb. per B.H.P.-hour including fuel needed for 

starting, and for banking during the night. 
Half load : 1*6 lb. per B.H.P-hour including as above. 

Water: 1 gallon per B.H.P.-hour at full load and f gallon 

at half load. 


With Coke . 

Full load : 1*3 lb. per B.H.P.-hour including fuel needed for 
starting. 

Water: gallons per B.H.P.-hour at full load. 

Professor Dalby * also recorded as a result of these trials 
that— 

Assuming a 20 B.H.P. plant to start on Monday morning 
with an empty producer, and to run ten hours per day on 
full load for a week, banking the fires at night, the consump¬ 
tion of anthracite peas would be about half a ton for the 
week, and about f ton if the average load is about half full 
load. With coke the consumption is about 25 per cent, 
mm®. From 2,000 to 3,000 gallons of water per week are 
required for a 20 B.H.P. plant to provide water for the scrubber 
and the producer, and of this by far the larger part would be 
used in the scrubber. 55 

Tnls W mm abo made of the times taken to start up and 
* B. A paper, August, 1006. 
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to change load. As a result of their investigations the Judges 
awarded the premier places to the National and Crossley plants. 
The Judges were Professor Dalby and Capt. Sankey, R.E. 

119. Test of a Dowson Suction Gas Producer Plant. —The 
following account of tests on two Dowson Suction Plants is 
extracted from Mr. Dugald Clerk’s 1904 “ James Forest” 
Lecture before the Institution of Civil Engineers. The tests 
were carried out by Mr. M. Atkinson Adam, B.Sc., Assoc. M. 
Inst. C.E. The first plant was adapted for a working load 
of 40 B.H.P. and the second for 30 B.H.P. In each case the 
producer was started up cold, and run on test for fully eight 
hours. At the start air was blown in by a small hand-power 
fan and after ten minutes from lighting up the gas was of a 
proper quality. The gas was then sucked through by a fan, 
which represented the action of a gas engine operating under 
a constant load sucking gas from a producer in the usual way. 
Thence the gas passed to a gas holder. Analysis samples 
were frequently taken and the anthracite analyses were under¬ 
taken by Mr. Bertram Blount, F.I.C., Assoc. Inst. C.E., whilst 
the gas analyses were carried out by Mr. Horatio Ballantyne, 
F.I.C. The heat efficiency of the producers was found in two 
ways:— 

(1) Counting in the fuel used in the starting up operation 

which includes that necessary for the heating up of 
the plant. 

(2) Omitting the first two hours of the test, and so giving 

the plant what may be termed a “ flying start.” 

The quantities of water used are very interesting. The 
figures showed that for vaporization, the 40 B.H.P. plant 
used about 30 lb. per hour, whilst the 30 B.H.P. plant used 
about 20 lb. per hour. For the scrubber, the 40 B.H.P. plant 
used about 400 lb. per hour, and the 30 B.H.P. plant used 
about 380 lb. per hour. This shows how small a proportion 
of the total water consumption is needed for vaporization. 
The anthracite used was of an ordinary commercial kind, 
costing 145. 6 d. per ton at the pit, and about 24s. per ton 
delivered at Basingstoke. The efficiency figures for the two 
producer plants were found to be 
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44 Standing start 53 

(40 B.H.P. S5 per cent. 

* \30 B.H.P. 75 per cent. 

44 Flying start 53 . 

(40 B.H.P. 89 per cent. 

* (30 B.H.P. 86 per cent. 

Reference should be made to the paper for detailed figures, 
but it may be mentioned that the gas was found on a general 
average to have a calorific value of 135 B.Th.U. per cubic 
foot, and have a composition as follows:— 

(H, 

15*5 per cent. 

CH* . 

• 12 „ „ 

CO . . 

• 20-0 „ „ 

]CO, - 

7-0 „ „ 

0 8 

• 0-5 „ „ 

In. • • 

• 55-8 „ „ 


100-0 


120. Tests ol Pressure Producers. —In 1904 some exhaustive 
tests were made in America on the results of employing differ¬ 
ent varieties of bituminous coal in pressure producer plants 
and in steam engines, and it is worth while to give a brief 
account * of some of the figures obtained (see p. 186). 

In each case the output was about 200 E.H.P., and in 
most cases the length of the trials was from 10 to 30 hours. 

Mr. Shober Burrows has reported the result of a 24 day test 
undertaken in 1906 on a pressure producer plant operating 
with bituminous fuel. Analysis of the fuel showed— 


HjO ... 


. 

. 14*68 

Volatile combustible . 



. 30*98 

Fixed carbon . 

. 


. 42*93 

Ash .... 

. 

. 

. 10*08 

S . 

• 

• 

. 1-33 




100*00 

B.TH.U. per lb. 

• 

0 

. = 12,343. 


* Times E ngmeering Supplement, January 23, 1907. 
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Coal burned 
per E.H.P. 

Ratio 
of Coal 
used by 
Steam 
Plant 
to that 
used in 
Gas 
Plant 

Kind of Coal 

Name of Sample 

Steam 

Plant 

Gas 

Plant j 

Bitumin . 

Alabama, No. 2 . 

Lb. 

4-08 

Lb. 

1*64 

2*49 

Black lignite 

Colorado, No. 1 . 

4*84 

1-71 

2*83 

Bitumin . 

Illinois, No. 3 

4-34 

1*79 

2*42 


„ 4 . . 

4*80 

1*76 

2*73 


Indiana, No. 1 

4*13 

1-93 

2*14 

„ ... 

»* 2 . . 

4*35 

1-55 

2*81 


Ind. Terr., No. 1 .. 

4-04 

1-83 

2*21 


)} ^ * 

4-64 

1*43 

3*24 


Iowa, No. 2 . * 

4*95 

1-73 

2*86 


Kansas, No. 5 

3-93 

1*62 

2*43 

... 

Kentucky, No. 3 

4-22 

1-91 

2*21 

»* ... 

Missouri, No. 2 . 

4*93 

1-71 

2*88 

>> • * 

W. Virginia, No. I . 

3-90 

1*57 

2*48 


,, jj 4 . 

3*62 

1*29 

2-80 


„ „ 7 . 

3-55 

1*46 

2*43 


,, »> 8 « 

3-63 

1*78 

2*04 


„ 9 . 

3*46 

1*40 

2*47 


„ „ 12 . 

3-53 

1*50 

2*35 

„ ... 

Wyoming, No. 2 

5-90 

2*07 

2*85 



Ave: 

rage 

2*57 


The gas left the generator at about 644° F. and passed a 
water seal to the scrubber. Thence to a centrifugal tar ex¬ 
tractor. The calorific value of the gas was found to be 156 
B.Th.U. per cu. ft. and its composition was 


C0 2 . 

Ethylene 

CO 

h 2 . 

Methane 


N, .. 


9-2 

0-4 

20-9 

15-6 

1-9 

52-0 


100-0 
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A tout 143 lb. of tar was extracted per ton of coal used in 
the producer, whilst the approximate figures show that an 
average of 1*39 lb. of coal was used per B.H.P.-hour. As 
this plant ran for 24 consecutive days without shutting down, 
it is evident that continuity of operation could be practically 
achieved. 

The whole of these tests go to show the great fuel economy 
obtained by the use of gas plant as contrasted with steam- 
plant. Another feature in which the gas plant has the advan¬ 
tage is in the smallness of the stand-by losses. When a boiler 
is banted up for the night it consumes a very much larger 
quantity of coal during the period of banking than a producer 
plant of the same output would require. Actual measurements 
of this nature are recorded by Mr. Dowson in his book 
on Producer Gas, and it was found that in the case of 
steam power, the consumption of fuel per standing hour 
was 71 *5 lb., and in the case of gas power, 3*5 lb. only, which 
shows a ratio of about 20 to h And since each of these figures 
is the mean of several tests, they are not open to the criticism 
that they represent isolated cases only. 

It will be of advantage to record at this point what are 
the chief objects to be achieved in the aesign and working 
of producer plant— 

(a) A fairly deep fuel bed should be allowed for, otherwise 
the air may blow through in thin places, and so lead 
to local variations in the temperature. 

#) Provision of some sort must be made to prevent caking 
or cavitation of the fuel. 

(c) Fuel must be fed in and ashes removed in such a way 
as not to render the process discontinuous or inter¬ 
mittent. 

(i) Leakage of gas from pressure producers must at all 
costs be avoided, as the gas contains a large pro¬ 
portion of poisonous CO. 

There are a good many makes of pressure producer plant, 
and some are adaptable for by-product recovery. Among 
til© latter one of the most prominent types is the Mond pro- 
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ducer, which is being used on a large scale in South Stafford¬ 
shire. Here ammonia in the form of ammonium sulphate 
(Am 2 S0 4 ) can be produced as a by-product and sold for a 
considerable amount—often more than enough to pay the 
coal bill. In this process, as has already been explained, 
the temperature of the producer must be kept low, and to 
do this, large quantities of steam are used, as much as 2| lb. 
per lb. of coal. This has the effect of course of reducing 
somewhat the actual efficiency of the gas producer and of 
raising the percentage of hydrogen present, but not to such 
a point as to introduce trouble in a suitable engine. 

121. Percentage of Hydrogem —The percentage of hydro¬ 
gen present in the gas to be employed in a gas engine regulates 
the amount of compression which can be used. A good com¬ 
pression is essential for high efficiency, but if the proportion 
of hydrogen is high the danger of pre-ignition has to be 
guarded against. The following table taken from a paper 
by Mr. J. R. Bibbins * shows the proportion of hydrogen 
present in various kinds of gas and the calorific value of the 
gas when taken alone, and when taken with its theoretically 
requisite proportion of air— 


Gaa 

B.Th.TT. per cu. ft. 

ET 2 —per 
cent, by 
volume 

Gras 

Mixture f 

Hatural Pittsburg. 

978 

91-0 

3*0 

Oil. 

846 

93*0 

32*0 

Coal-gas. 

646 

91*7 

46*0 

Carburetted water gas .... 

575 

92*0 

40*0 

Water gas. 

295 

88*0 

48*0 

Producer, hard coal. 

144 

68 0 

200 

„ soft. 

144 

65*5 

10*0 

„ coke. 

125 

63*0 

10*0 


Attempts have been made to reduce the proportion of 

* “ Fuel Gas for Internal Combustion Engines,” Gassier"s Maga¬ 
zine , 1906. 

■f Based on theoretical air for combustion. See also par. 143. 
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hydrogen by admitting some of the exhaust gases into the 
producer instead of water vapour. In this case the dissocia¬ 
tion of C0 2 replaces that of H 2 0. This process is called the 
4 * straight carbon-monoxide gas producer. 55 It is claimed 
to work very well and to permit of very high compressions 
being used. The gas has a calorific value of 105 B.Th.TJ. and 
a composition of:— 

CO 26*95 per cent. 

H, 0*20 „ 

C0 2 1*75 „ 

CH 4 0*50 J5 

N s 69*30 „ 

0, 1*30 53 

122. Comparison of Costs. — The following interesting com¬ 
parison has been drawn up by Mr. L. Andrews * and is well 
worth study. The figures relate of course to pre-war costs. 


Capital Cost of 16,000 K.W. Plant. 



Steam 

Turbines 

Gas 

Engines 

Engines and electric generators 

£ 

96,000 

£ 

161,700 

Boiler®, fed-pumps, coal handling 

plant, etc* .. i 

81,000 

Producers, g&s-eleaning and coal hand¬ 
ling plant, with all pipes. 


77,700 

Engine-room, building, cranes, and en¬ 
gine foundations. 

18,000 

42,000 

Switch-gear and wiring for ditto . 

5,250 

5,250 

Allowance for contingencies, 5 per cent. 

£200,250 

10,012 

£286,659 

14,332 

Capital cost per K.W. installed . . 

£210,262 

£13*1 

1 £300,982 
' £18-88 - 


•Electrical Engineering, October 24, 1907, and S.A., January 30, 
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Running Cost on 100 per cent. Load Factor. Annual 
Output = 140,000,000 K W. Hours. 



Steam 

Turbines 

Gas 

Engines 

Fuel, 165,000 tons at 1 0s. « 

£ 

82,500 

£ 

Fuel, acid, stores and repairs for pro¬ 
ducers, less sale of by-products . 

____ 

28,250 

Labour. 

7,000 

9,000 

Repairs of turbine plant, including 
boilers, etc. 

8,750 

_ 

Repairs of gas plant (excluding pro¬ 
ducers) . 

___ 

6,000 

Oil, waste, and stores (excluding pro¬ 
ducer stores) . . 

1,750 

4,370 

Interest and depreciation at 10 per cent. 

21,026 

30,098 

Total cost per K W. hour .... 

£121,026 

0-204<2. 

£78,118 

0135d. 


Mr. Andrews also takes the case when the load factor is 
only 15 per cent., and in that condition of running the costs 
per KW.-hour came out at 0-545d. for steam turbines, and 
0*566cL for gas engines. These rates are nearly the same, but 
with rise of load factor the balance would soon turn in favour 
of the gas plant. Mr. Andrews’ estimate of the capital and 
running costs of the plants would now need revision. 

123. The Use of Gas Plant for Marine Propulsion has been 
discussed before several engineering societies. 

Mr. J. T. Milton in his 1906 paper before the Institution 
of Civil Engineers stated that he was led to give attention to 
engines of this kind in connexion with proposals to fit them in 
vessels classed with Lloyd’s Register. The paper deals with 
engine problems only, and assumes that a proper and suitable 
type of producer capable of using cheap fuel would before long 
be available. The writer of the paper specifies the following con¬ 
ditions which must be satisfied by a successful marine engine— 

(а) The engine must be reversible. 

(б) It must be capable of being stopped quickly and of 

being started quickly either ahead or astern. 


p 
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(f 'i It must be capable of being promptly speeded to any 
desired number of revolutions between dead slow 
and full speed, and of being kept steadily at the re¬ 
quired speed for any length of time. ‘ Dead slow 
ought to be not faster than one-quarter of full speed, 
and should he less than this In very fast vessels. 

|rl) It must be capable of working well, not only in smooth 
water, but also in heavy weather, in a seaw r ay in which 
the varying immersion of the propeller causes rapidly 
changing conditions of resistance. 

(t) AH working parts must be readily accessible for over¬ 
hauling, and all wearing surfaces must be capable of 
being promptly and readily adjusted. 

(J) The engine must be economical in fuel, and especially 
so at its ordinary working speed. 

Certainly no existing engine complies with all these con¬ 
ditions, and reference should he made to Mr. Milton’s paper 
for a discussion of the difficulties: some curves are there 
given showing the different turning moment curves for different 

arrangements of engine. 

Not only would the introduction of gas engines for war¬ 
ship propulsion lead to a gain of space and dead weight (so 
allowing the offensive or defensive materiel to be added to), 
but the better disposition of its parts, and the absence of 
funnels would admit of a great improvement in respect of an 
actual increase in the number of guns which could fire on 
either broadside. In the proposed plan of battleship con¬ 
struction, the gas producers are shown divided into two sets 
well on either side of the ship, and the propelling machinery 
m shown well aft. The deck is clear for gun barbettes. Mr. 
Milton gives the following comparative table illustrating the 
superiority of the gas engine plant so far as area occupied, 
weight and fuel consumption are concerned-— 
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Comparison op Weights, etc., of 
^Machinery tor 16,000 n.p. 

Steam, Gas 
Battleship. 

and Oil 


i Steam Engine 

Gas Engine 

Oil Engine 

I.HI.P. available for pro- 




pelling the ship . | 

Weight of machinery, in¬ 
cluding usual auxiliaries, 

16,000 

16,000 

j 

i 16,000 

I 

but not deck machinery 

1,585 tons * 

' 1,105 tons f 

| 750 tons J 

I.±L.Jr\ per ton of machinery 
Area occupied by machin- 
y : Engines and boilers 

10-1 

t 

14*48 

| 21*33 

i 

I 

or producers .... 

7,250 sq. ft. 

5,850 sq. ft. 

4,100 sq, ft. 

Area per I.H.P. 

Fuel consumption in lb. per 
I.H.P. hour— 

0*453 sq. ft. 

0*366 sq.ft. 

• 0*257 sq. ft. 

At full power. 

1-6 lb. 

' 1*0 lb. 

0*6 lb. 

At about £• full power 

1*66 lb. 

1-15 lb. 

0*75 lb. 


124. —One of the difficulties in connexion with the utiliza¬ 
tion of the gas engine on board ship lies in the fact that when 
the speed of the ship is decreased, the resistance to motion 
is decreased at a far greater rate, and this means that the 
mean effective pressure on the piston must be capable of very 
considerable reduction. When an attempt is made to get 
very low mean effective pressures in a gas engine, the engine 
is liable to stop altogether—in fact the gas engine as at present 
demised is not sufficiently elastic in its manner of working to 
make it an effective rival to the steam turbine for marine 
purposes. The difficulty may he solved by driving generators 
from the gas engines, so producing electric current which can 
be XLsed in motors driving the screw propellers, but this requires 
a great weight of machinery, and is costly. 

125. Low Coal Engine. —An engine has been introduced 
by A. M. Low in which a special cylinder head contains a 
miniature gas producer, so that small coal can be fed direct 
to the engine. The coal passes down vertical tubes heated 
externally by the exhaust gases ; through these tubes is 
passed a stream of air and steam in the same proportion as in 

** Includes water in boilers. 

-j* „ », jackets and piping, but not coal in produeers- 

3 „ ,, jackets and piping. 
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a auction gdf producer. It is claimed that an experimental 
plant used only about 0*5 lb. of coal per B.H.P. hour, but 
detailed figures are not given of this test.* A miniature gas 
producer has also been used by D. J. Smith f for the propulsion 



of motor wagons : tests have shown that with coal at 40s a 
ton the fuel costs are equivalent to petrol at 2£d. per gallon. 


appendix a 

Opoattanof a typical suction producer plant. 

"““f’ 

** Not ' “» t LAJB, Jan., 1920. 
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g&-S scrubber. In addition to these there is a simple form of separ¬ 
ator through which the gas passes on its way from the producer 
to -the scrubber, and in which it deposits the heavier particles of 
dust which are carried over from the producer. A gas box is also 
pro -vided between the scrubber and the engine, to act as a reser- 
voix, from which the engine can draw a regular supply of gas. 

_ h . Method of Gas Production. —In this method of gas production 
air and steam at atmospheric pressure are drawn through incan¬ 
descent fuel by the motion of the engine, the oxygen, hydrogen 
ancd carbon combining in the producer to form a combustible gas 
vvlrich is suitable for power purposes. No boiler for providing 
steam under pressure is required, and no gasometer, the engine 
generating its supply of gas by the motion of the piston in the 
cylinder. The fuel used must be anthracite coal or coke (hitu- 
mixLous coal must not b© used). The steam is generated in an 
evaporator which is heated by the fire in the gas producer. The 
air- is drawn into the producer over the surface of the heated water 
m the evaporator and in passing takes up the steam which it then 
caxries through the producer. 

2. General Instructions. —The coal used should he passed through 
a sieve and no pieces under £ in. (5 mm.) should be used. The 
most suitable size is f in. to 1 in. (16 mm. to 25 mm.). Coal dust 
is not only of no value, hut it tends to stop up the pipes and 
interfere with the working of the plant. The fuel should not he 
moistened before it is used. All the moisture required should be 
provided in the form of steam and pass through the fire in the 
ordinary way as described below. Tbe evaporator should always 
he kept full of water to the overflow pipe. A water supply must 
Ho provided for the evaporator and the coke scrubber, and a drain 
to carry away the water from the scrubber. In any installation 
of this type, tbe engine should be erected as close to the pro- 
d.ncex as practicable so that the connecting pipes between the two 
are as short and direct as can he arranged. 

3. To Start the Gas Producer after Erection or Cleaning. —Before 
starting it is of the greatest importance to see that all the piping, 
cocks, and various vessels which go to make up the gas-producing 
plant should be air tight, as the apparatus when in operation is 
subjected to an excess of atmospheric pressure from without. If 
tire various parts of the plant are not airtight, the air which leaks 
in will interfere with the quality of the gas and make it poorer. 
Fox this reason the whole apparatus should he tested after erection 
to prove the soundness of the joints, the test being carried out as 
follows : Referring to the illustration, if all the openings are closed 
except the cock B, and air is then blown into the apparatus by the 
haand fan A, the various joints can be tested with a light. If air 
ox gas escapes from the joints it will be at once detected. This 
host should be made periodically to see that everything is in order. 
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p „ i , .nr:. .1 out at anytime after cleaning, and when every¬ 
th/,, M,u,i !,.},• in working order the engine should be 

i „s.i* ri .i.A for immediate um? when the gas is available. 

l'tov l.k i that all the joints are sound and tight, the water should 
now be turned rn to the coke scrubber bv means of the tapC until 
« i act Slows tbronah the pipeD provided for that purpose It is 
c-sentui that the scrubber should contain sufficient water to seal 

* ^Water* thould then be admitted to the evaporator F by means 
of the tan ii until it just overflows in drops by the pipe T provided 
for that purpose. This overflow should be very slight before start¬ 
ing and mu/t be regulated from time to time when running accord¬ 
ing to the load on the engine as described below. The taps C and 
xi and the cock H should now be closed. The cock B and the cock 
,1 < « the wante pipe K should be opened. The fire door L and the 
ao-hrit dw>r M should then be opened and a fire of wood or coke 
Marled in the eas producer. Ofdinnry bituminous coal must on 
no account be mal When the fire is burning up well anthracite 
ccrnl should be added through the hopper N in small quantities 
from time to time as the whole mass of fuel becomes incandescent 
throughout, this being continued until the gas producer is full to 
the level of the bottom of the gas pipe P. The fire door L and ash¬ 
pit door M should be closed as soon as the coal is well alight. The 
hand fan A must be used for the purpose of blowing up the fire 
when starling, the whole of the products of combustion being blown 
by it* means through the gas pipe P, separator It and uptake pipe 
K to waste, the cock J being open during this operation. Supposing 
the Ire to have been lit for, say, fifteen to twenty minutes, and 
the hand fan to have been in operation during that time, the quality 
of the gas which is being made can now be tested by partially closing 
the cock J and thus passing the gas through the scrubber and gas 
box to the test cock Q. The nearer this test cock is placed, to the 
engine the better; it can be placed at any convenient point in the 
gas pipe, between the engine and the gas box, for example. Before 
pacing the gas through the scrubber the water must be turned on 
to the scrubber, by the tap C. The blowing will have to continue 
for a few minutes until the scrubber and gas box are cleared of air, 
and gas has been blown in to take its place. A light should then 
be placed to the test cock Q and the gas if of a good quality will 
1mm with a steady flame. If the coal is of good quality the gas 
wii burn with a long flame, orange red in colour, and one which 
does mot go out* With some coals it is difficult to produce anything 
but a Wit lame, but as long m the gas bums steadily it wiS 
pntimiy be found that it is of sufficiently good quality to start 
the engine. 

Whm testing the gaa, as described, care must be 
ttftam to tom the im at a steady and even speed. Under no cir- 
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)n. :L» M’i .r iuui.th.. f.m must not be blown too hard or the 
L - 1 , •» ill • f. -i t .lo.it through the water seal at the bottom of the 

iw' ^ r. 

TLf* t 11 * > i" dmmd he opened to such, an extent that the tempera- 
Inre of tho lower portion of the scrubber does not rise above 100° 
Fa hr, approx., the top of the scrubber being cold. The amount 
],v which tht* Up G is opened must be regulated according to the 
I?%a 4 on tiie t iigine and so that the evaporator is always full and a 
surplus of water runs in drops only through the overflow 
pq*e T into the ashpit when the engine is running under a full 
leail. When running under a light load little or no water is re¬ 
quired in the ashpit'. An excess of water in the ashpit results 
in a pH quality of gas. 

4 Jo S? in tle'Ehfiiuc .—As soon as the gas is burning satisfac¬ 
torily at the tot cock this cock and the cock J should be closed 
and the fan stopped. The engine should then he started in the usual 
may, No time must he lost in getting the engine started or the fire 
in the producer mill become dull and a poor quality of gas be given 
off. Assuming that the engine has been started, the cock H should 
be opened and more water turned on to the scrubber by the tap C 
a?v i to the evaporator by the tap G. The cock B should now be 
cawed. By opening the cock H and closing B the air is drawn in 
through tht” inlet S and over the heated water in the evaporator 
F, the Miction set up by the movement of the engine piston causing 
a constant indraught of air in the direction shown by the arrows in 
tlie sectional diagram. It may be mentioned here that the supply 
of air to the engine will have to be adjusted from time to time 
according to the quality of the gas. For this purpose a simple 
form of throttle valve should be provided in the air inlet passage 
through which air is supplied to the engine. This valve should be 
regulated so that as far as possible the engine takes in a supply of 
gas at every cycle and thus keeps the fire in the producer bright 
and in good condition. The engine should be provided with 
mechanism to ensure this being done. 

5. MMod of Stoking the Gm Producer .—The gas producer is 
provided with a hopper at the top for the purpose of feeding the 
lire. The hopper is provided with a swing door at the top and 
a valve with a weighted lever at the bottom so that when fresh coal 
is added the top door only is opened, the valve remaining closed. 
When the coal has been filled in through the hopper the top door 
is closed and the valve opened. By this means all air is excluded 
from the gas producer. Care should be taken- to see that the valve 
to which the weighted lever is attached is properly closed so that 
imi air can enter while the gas producer is working. Generally 
speaking it mill be necessary to add a charge of anthracite every 
two or three hours; this, however, must depend upon the size of 
tht appiffttas and the amount of power which the engine is develop- 
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ing. While the gas producer is in full operation the coal should 
not be allowed to fall below the lowest point in the evaporator. 
The top layer of coal should never be incandescent, this point can 
be watched through the mica window which is provided for that 
purpose at the top of the hopper. Previous to stopping the engine, 
however, the fire in the producer should be burnt down sons to 
lea ve only a moderate quantity of coal in the producer, sufficient 
to start up quickly again when required. How frequently the fire 
will have to be cleaned will depend upon the quality and amount 
of the fuel used ; speaking generally twice a day will be sufficient, 
once in the morning before starting and once at midday, if a stop¬ 
page is made then. Should it be necessary to stir up the fire whilst 
the engine is at work this can be done through a hole in the ash 
door "by means of a poker. If it is necessary to take out the clinker 
whilst the engine is at work, this should be done very quickly so as 
to allow as little air as possible to enter the gas producer, for should 
an excess of air be allowed to enter, the gas would be of inferior 
quality. It is advisable as far as possible to leave the gas producer 
alone whilst the engine is at work, except for the occasional charges 
of coal which it requires. The gas producer should be cleaned out 
entirely about once a week and the clinker chipped off the firebrick 
lining of the producer if necessary. The producer should never 
"be cleaned directly after the fire is raked out, but should he showed 
to cool down gradually, otherwise the firebrick lining will probably 
crack through the rapid change in temperature. 

6. Hydraulic Box ,—The surplus from the coke scrubber is led 
into the hydraulic box W by means of the pipe D. This water 
forms at the same time a water seal for the pipe which connects 
with the separator mentioned above. The box W should be cleaned 
out every few weeks so as to keep it cleaT of the accumulated ash 
and small particles of coal which will come over with the gas. 
Special attention should be paid to the pipe D to see that no foreign 
matter settles in it. When the engine is at work the surface of the 
water in the hydraulic box will be in constant movement; the 
movement, which should be a slight one, will vary with the amount 
of gas drawn away by the engine. An overflow pipe X is provided 
to run the water away from this box to a drain, or as may be 
arranged. 

7. Coke Scrubber ,—The coke scrubber is provided to remove 
from the gas all its impurities and at the same time to cool it. When 
the apparatus has been erected the inside of the scrubber should 
be thoroughly cleaned and the grating put in through the upper 
manhole. The scrubber should then be filled with well washed 
foundry coke, the size being not less than about I in. (2fi mm.). 
The bottom layer of coke for a depth of about 8 m. (0*2 m.) should 
consist of pieces which are under any circumstances so large that 
they will not fall through the grating. The scrubber can then be 
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fallal up with coke to about 4 In. (0*1 m.) below the water pipe. 
B* tore suriim: the bottom of the scrubber should be cleaned out 
through the doors provided for that purpose. AIL the openings 
in the serubWr should now be closed and the water supply turned 
on so that the coke is washed thoroughly free from all the particles 
of dust which It may contain. Every three or four weeks the 
kit tom door of the coke scrubber should be opened to see whether 
there is anv accumulation of dust in the form of mud at the bottom 
of the scrubber; this if present should be removed. When the 
eoke is first put into place this examination should be made more 
frequently, as new coke frequently contains a large quantity of 
dust. The eoke in the scrubber will, generally speaking, be ser¬ 
viceable for a period of nine to twelve months, but this depends 
upon the amount of work which the plant has to do. When it 
ih found necessary to renew the eoke in the scrubber the whole 
of the apparatus must be stopped, the waste pipe opened and all 
the ash and tire hole doors opened and left open for several hours 
before any work is done to the plant. The upper cover of the 
scrubber should then be removed and the coke taken out through 
the upper side door in the scrubber. This cleaning should take 
place during the daytime so that no fire or light need be brought 
into the gas-plant house while it is going on. The windows of the 
house should be open during the process of cleaning so that there 
Is plenty of ventilation. It is advisable that there should always 
be two men present during the operation of cleaning, in case one 
of them should be overcome by the presence of gas. When replac¬ 
ing the doors on the scrubber after having renewed the coke care 
must be taken to see that the joints are sound and tight as already 
described. 

8. Piping and Gas Box. —These should be looked to and cleaned 
about once a month. Impurities will settle in any pockets or where 
the course of the gas is not direct. Eor this reason all bent pipes 
should be avoided as far as possible and when present should be 
examined from time to time. The moisture which condenses in 
the gas box and in the pipe leading from it to the engine should be 
emptied out daily, otherwise it will get into the engine and interfere 
with its working. A drain cock should be provided, as at Y, for 
the purpose of drawing off this moisture. 

ft. To Stop the Gm Producer. —The gas cock on the engine should 
be shut and the waste cock J opened so as to allow the remaining 
gas to escape. The taps G and G and the cock H must then be 
closed and the ash door opened a few inches so as to allow the fire 
to continue burning. 

10. To Start the Apparatus again apef a Temporary Stoppage .— 
The fire and ash doors should be opened to clean the fire, any 
cinders or clinker should be removed without disturbing the fire 
m far as this fa possible, the doors should then be closed, the cock 
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B opened, and the fan started until the fire is again in good con¬ 
dition. Anthracite must then be added until a good quality of gas 

is obtained, when the engine may be started up to work. When 
the stoppage is only temporary, the scrubber and gas box will 
probably be full of good gas when it takes place, and it is there¬ 
fore better to test the fresh gas, made at restarting, by means of 
a test cock placed at Z rather than to test it at Q. When good 
gas is obtained at Z the cock J can be closed and the gas then sent 
through the scrubber and gas box to the engine. By following 
this plan the good gas remaining in the scrubber and gas box when 
the plant was stopped will be utilized, instead of being blown 
away to waste as might otherwise have been the case. 

Caution .—The regulation of the supply of water to the coke 
scrubber is important. If the supply be too small, steam will be 
formed in the scrubber, the gas will not be properly cleaned, and 
the quality of the gas will deteriorate. If the supply be too great, 
the water seal of the gas pipe will be too deep and the engine will 
not be able to suck the gas through the producer. The coal should 
not be too large or of unequal size, or the air spaces between the 
various pieces will be too great. The guiding principle in this is 
to have a mass of fuel in the producer which is as homogeneous as 
possible without being solid. Where coke is used as the fuel a 
sawdust scrubber is required between the coke scrubber and the 
gas box. When a gas plant has been designed for anthracite, other 
modifications may be necessary if it is decided to change from 
anthracite coal to coke. 


EXAMPLES 

1* The following measurements were made during a test of a gas 
engine using producer gas : Volume of gas used per hour = 1,400 cu. ft. 
Calorific value of gas = 90 C-H.U. per cu. ft. B.3ELP. = 29*2. Water 
flowing through jackets = 70 gallons per hour. Bis© in temperature 
of jacket water = 60° C. Calculate : 

(i) the number of C.H.U. supplied to the engine per hour. 

(ii) the number of C.H.U. turned into useful work per hour. 

(iii) the number of C.H U. absorbed by the jacket water per 

hour. 

How much heat per hour is unaccounted for, and what has become 
of it ? 

2. A coal has the following analysis : carbon 88 per cent,, hydrogen 
4 per cent., oxygen 2*4 percent., sulphur 1 per cent,, the remainder 
being ash. Calculate the calorific value per lb. and the theoretical 
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r, 4 i ’t i * t if iif j >' , 4 » i r* ft >r its? complete combustion. State how you 
4 mM ^ i-H.iri tin tuuntitv of air actually supplied. (Cal. values, 
t s,]* ; li S^i/240.) (B. of E., 1912.) 

.1. On ii trial of a gas producer and engine the following particulars 

mere m*t d 

l) .ration of trial, 24 hours. 

Total coal used, 2*4 tons. 

( alT'Ite value of coal, 14,500 B.Th.TJ.’s per lb. 

I.H.P. of engine, 259}. 

Jacket-cooling water used per hour, 185 lb. 

Temperature of jacket-cooling water :—inlet 60° F. 

outlet 140° F. 

If the thermal efficiency of the producer is 80 per cent., and assum¬ 
ing no loan between producer and engine, estimate the thermal effi¬ 
ciency of the engine and the percentages of total heat of combustion 

lost 

(i) in the jacket-cooling water, 

(ii) in the exhaust gases, by radiation, etc. 

4. that for 1*2 lb. of coal we get 1 B.H.P.-hour from a gas 

t r.gine i>mg Dom son gas. This works a reversed heat engine, the 
n t *u Linieal efficiency of the engine being 85 per cent. Ca’culate the 
hr ,it unit a added to the air per lb. of coal per hour and compare it 
w ith direct heating. What is the ratio of the amounts of air that can 
lie heated over the same temperature range by the two processes. 
Hie calorific power of the coal is 8,200 C.H.XJ. per lb. 


CHAPTER VII 


Blast-Furnace and Coke-Oven Gases 

Thermal Value — Cleaning the Gas —Utilization ot the Surplus 

Power. 

126. The Production of Waste lower from Blast-Fomace 
and Coke-Oven Gases.—The plan of using blast-furnace and 
coke-oven waste gases in gas engines is now quite largely 
followed; and the extent to which it may be put into force in 
any country depends chiefly upon that country's output of 
pig-iron. The following figures show the pre-war output 
in metric tons for the three countries chiefly concerned— 


1 1911 

j 


23,600,000 

Germany ...... 

15,300,000 

Great Britain. . ! 

I 

i 

9,700,000 


The gas that issues from blast furnaces is rich in carbon- 
monoxide and poor in hydrogen, and has a calorific power of 
about 90 B.Th.TJ.* per cu. ft.: whereas the gas from coke 
ovens is extremely rich in hydrogen and may have a calorific 
■value as high as 500 B.Th.U.f per cm. ft. The former is the 
easier to deal with as it is produced at a steadier rate, whilst 
with the small quantity of hydrogen which it contains, pre- 
ignitions are unlikely. Consequently it is safe to raise the 

• 50 pound-calories, 
f About 280 pound-caloric. 
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^ unpre^ion to a much higher point than -would otherwise be 
*afi\ ami the engine is thereby rendered of higher thermal 
vtYivhmv\\ Both gases require cleaning in order to remove the 

dtisL 

127. Blast-furnace Gases. —The idea of burning "blast - 
furnace gases directly in gas engines instead of under steam 
1m filer n an had previously been done, was first put into practice 
about the year 1804, nearly simultaneously in Great Britain, 
C Germany and Belgium. The pioneers, prominent among 
whom was the late Mr. B. H. Thwaite, experimented with 
small engines and, as satisfactory results were obtained, it 
was soon desired to increase the scale of operation. In 
Germany great progress has now been made and a number of 
large plants have been put in in this country and in the 
V.&A. 

The calculation as to the power available in this way in 
Great Britain may be made in the following manner. The 
pig-iron output for 1911 (for example) was, in round figures, 

10,000,000 tons, 

and it is well established that the residual gases from blast 
furnaces in Great Britain as well as on the Continent and in 
America, are capable when used on internal combustion engines 
of yielding about 27 HJP. per ton ol pig-iron per day (the figures 
given by various engineers are as follows : Greiner, 20; 
Bryan. Don&in, 28; Max Rotter, 25; Thompson, 20 ; Rossi, 
30 to «&>). It follows that the whole output would be about 


19,000,000 

365 


X 27=740,000 HJP 


•» 


^ which, at present the greater part is going to waste. 

The corresponding H.P. for the 15,300,000 tons of output 
in Germany would be 1,100,000 H.P., which agrees generally 
with Dr. Hoffmann’s estimate of 1,000,000 H.P. 

It is confidently calculated that in those countries where 
thy development is in progress a saving of several shillings 
per ton is made in the cost of producing iron. German 
enterprise in particular has been very favourable to this 
development. 
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Professor H. Hubert remarks * that in Belgium the honour 
of being first in the field belongs to Messrs. Bailly and Kraft, 
of the Cockerill Co. The patent taken out by the Company 
for this new application was dated May 15, 1895, and the 
first trials were made at the end of that year. They were 
made with a Simplex engine of 8 H.P., in which the clearance 
space had been reduced in order to increase the compression 
and to facilitate the ignition of the mixture. The gas cleaning 
was imperfect, and was carried out simply by passing it through 
“two scrubbers four metres high. The engine is stated to 
have displayed perfect elasticity, and adapted itself to the 
'variations of composition, pressure and temperature of the 
gases. 

The following interesting table is taken from Professor 

Hubert’s paper— 



:per cent 

S H.P. engine.1898 5-26 4 4,030 i 15-77 

200 H.P. engine (single cylinder, 
single acting, constant ad¬ 
mission) . 1898 213-9 | 181-82 2,775 229 

000 H.P. engine (as above) . 1900 825-8 j 670-0 2,520 25-2 

200 H.P. engine (as above, ex- j j 

cept for variable admission). 1901 246-9 i 215*3 2,766 23*0 

1,400 H.P. engine (double-acting ; 

tandem, variable admission). 1906 1,755 ; 1,582 2,129 29*8 

! 


128. Coke -Oven Gases. — Coke-oven gases are much richer 
in hydrogen than blast-furnace gases, and they are therefore 
much more liable to pre-ignitions. To avoid this danger, the 
compression is not taken so high, although this precaution 
ixofortunately has also the effect of tending to reduce efficiency. 
On the other hand their thermal value is far higher, often 
more than five times as high. To illustrate this, the following 
typical figures are given:— 


• Iron and Steel Institute, 1906, 
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B. F. gas i— iik per cent, of CO ; 62 per cent, of N 2 ; IJ per 

cent, of H f ; Calorific value 86 B.Th.U.* per cu. ft . 

C. Oven 50 per cent, of H 2 ; 40 per cent, of CH 4 ; 

Calorific value 560 B.Tli.U.f per cu. ft. 

To calculate the possible output obtainable from coke- 
oven gases in this country is not difficult. Taking the 1911 
output of pig-iron as 10,000,000 tons, the consumption of hard 
coke may he put as about 11,000,000 tons. To produce 
this quantity of coke about 15,000,000 tons of coal would be 
required, which on coking would give off about one-fifth of its 
weight in the form of gas, corresponding to about 500,000,000 
cubic feet of gas per day. Assuming that a quarter of this 
is available as a surplus for use in gas engines, and that 
it is of the thermal value of 500 B.Th.TJ.f per cu. ft., the 
corresponding thermal energy is easily calculated. If the gas 
engines used have a thermal efficiency of 30 per cent., the 
following H.P. would be available :— 

i x 500,000,000 X x 0-30 = 306,000 H.P. 

or in round figures 300,000 H.P. This is an estimate for the 
English output. Dr. Hoffmann has estimated the German 
output as from 550,000 to 600,000 H.P. Hot a little enter¬ 
prise has been shown in Germany in harnessing this source 
of power, and action is being taken in this country to the 
same end. 

. proportion of one quarter, used in. the above calcula¬ 
tion § as to the fraction of the gas available for the production 
of this surplus power, depends upon chemical problems, but 
it has recently been found that by raising the temperature 
of the air entering the ovens to 1,000 or 1,100° C. by means 
of regenerators, only 45 to 55 per cent, of the total quantity 
of gas evolved from the fuel is required for the work of heat- 


* About §0 p<RAd>CBkvi€6. 

f About 110 poTOd-e&loxies. 

t About &80 
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iiig the ovens, so that practically half the gas would in that 
case be available for the production of power in gas engines. 
This idea has been worked out by Mr. Koppers, and at the 
Anna Colliery of the Eschweiler Mining Co., near Aix-la- 
Chapelle, there are reported to be six batteries of Koppers 
regenerator ovens, with a power station designed for the 
production of 16,000 H.P. from the surplus gas. 

It is on record * that at the "VTath Mam Colliery, Wath- 
upon-Dearne, Rotherham, an installation of SO Hiiessener 
patent "by-product coke ovens, erected by the Coal Distillation 
Co. of Middlesbrough—representing the Actien Gesellschaft 
fuer Kohlendestillation—has been put in. The plant is to 
produce 800 tons of "blast-furnace coke per week, and there 
is to be available sufficient surplus gas and surplus waste 
heat to produce 300 H.P. of electricity from the 30 ovens, 
in addition to meeting the requirements for power for coal 
grinding, elevating, and by-product plants. There are other 
instances of similar enterprise whereby English firms, on 
discarding the old “ "beehive type of oven, have been able to 
obtain large quantities of surplus power. Of course there are 
other by-products besides power produced from coke ovens, 
such as sulphate of ammonia, coal-tar and benzole. 

129. The Shelton Iron Works have some Koerting Engines 
working on coke-oven gases, and it las been found f that when 
some coals aye used a calorific value of over 600 B.Th.U.J 
per cu. ft. is obtained, although 400 is more common. In no 
case, however, is the quality constant during the whole period 
of coking. It usually decreases from about 450 to 350 during 
the operation. The gas passes through scrubbers, where the 
ammonium sulphate and other by-products axe collected and 
most of the tar removed. The gas then is divided into two 
almost equal parts, one half going to heat the coke ovens, and 
the rest to the production of power. As the gas contains much 
hydrogen, naphthalene, and other highly inflammable bodies, 
it, is liable to pre-ignitions, and the compression is kept down 
to 100 lb. per sq. inch, instead of the 140 lb. per sq. inch, which 

* Times April 17, 1007. 

t Engineering, February 15, 1907, 4 

t About 330 pound-calories, 

P 
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mitiM otherwise he customary. The mean pressure works out 
at about 73 lb. per sqp inch. On testing a new variety of fuel 
the following results were obtained : Thermal value of gas 
;is! B Tfa.lh* per eu. ft., engines developed 1 H P. per hour per 

22 cu.ft. at full load, or a thermal efficiency of x ^" 7 7 ^ 


2 = O-30. The analysis of the gas was— 




CO, . 

. 

• • • 

3-55 

per 

cent. 

Olefines, etc. 


... 

5T8 

5) 

75 

Oj 

. 


1-59 

5) 

255 

.Methane 

. 

. 

27-82 

55 

25 5 

h 2 . . 


. 

54-33 

55 

99 

X, 

. 

. 

3-16 

55 

9 5 


According to some figures in The Engineer, of 22 installations 
in Germany with a total output of 13,000 H.P. from engines 
working on coke-oven gas, no less than eleven, or half of them, 
do not find it necessary to dean the gas. One of them was 
stated to be using gas with 0-2 per cent, of sulphur without 
injurious effect on the iron. 

ISO. Cleaning the Gas. —It has been found that the most 
effective way of cleaning the gas is by the action of a, water 
fed fan. The gas passes through a centrifugal fan. which 
causes the heavy particles of dust to fly outwards, and at the 
same time water is fed into the fan and broken up by the 
same centrifugal action. This water catches up the dust 
particles and passes with them to a sump. Perhaps the best 
known gas cleaner of this type is the Theisen Patent Cen¬ 
trifugal Central-flow Gas Washer, made by Messrs. Richard¬ 
sons, Westgarth & Co. It is illustrated in Eigs. 61 and 62. 
The Theisen machines are specially adapted for cleaning gas, 
and particularly blast-furnace gas, for use in gas engines and 
where a high degree of purity is required. When very hot 
and dirty gas has to be treated, it is considered advisable 
to imtal a preliminary saturator before the washer, where 
the gas may be cooled and the heavier dust removed. In 
t-Ms way mot only is the volume of gas to be cleaned reduced, 
♦ 212 pound-calories. 
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Fig. 61.—Theisen Gas Washer—Section. 


but less water is required in the washer itself, and conse¬ 
quently less power is absorbed. The makers claim that the 
power taken to drive the cleaner does not exceed 2 per cent, 
of the maximum power which could be generated in gas 
engines from the gas cleaned. The quantity of water required 
by the Theisen 
apparatus varies 
with the tempera¬ 
ture of the gas 
and the amount of 
dust therein, and 
in addition with 
the degree of 
cleaning neces¬ 
sary. With hot 
and dirty gas it 
sometimes hap¬ 
pens that as much 
as 1 litre of water Fig. 62.—Theisen Gas Washer—End Elevation, 
is required per 

cubic metre (or 1,000 litres) of gas cleaned, but usually half this 
quantity will suffice. Of course the water can be used again 
and again, if the dust be allowed to settle out of it. The makers 
have published the following table showing results of trials :— 
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The amount of dust in the gas can be measured very easily. 
It is only necessary to pass the gas through a filter consisting 
of a glass tube filled with absorbent cotton. The quantity 
of gas passed is measured in a meter, and the cotton is weighed 
before and after. The method is stated to give accurate 
results if the cotton is evenly packed along the tube and is not 
hygroscopic. In any case the cotton should be dried before 
and after in a desiccator, and weighed from time to time to 
check whether any moisture is held in it. 

In America,* peculiar difficulties are experienced, owing to 
the character of the ores used. The Mesati ores are stated to 
be especially troublesome, owing to their friable nature. With 
every disturbance in the furnace great quantities of dust are 
evolved, which often pass the entire cleaning plant unless 
unusual precautions are taken. The suspended matter consists 
largely of ore dust together with some additional matter 
carried over from the other constituents of the furnace charge. 
At Bessemer, however, a cleaning plant has been put down 
which has cleaned the gas as low as 0*1 grain per cubic foot, 
which is considerably cleaner than the surrounding air in 
that particular locality. In practice, however, the engines 
work quite well with ten times this amount of dust. 

131. Utilization of Surplus Power. —The utilization of the 
power derivable from the waste gases of blast furnaces and 
coke ovens is a problem in itself. The solution of this problem 
must depend upon the extent to which local demand for 
power exists, or can be created. It is only necessary to think 
of such electro-metallurgical processes as the manufacture 
of aluminium to bring to mind the possibility of the creation 
of huge demands for current under favourable conditions 
in respect of load factor. For the transmission of such 
power for any distance less than half a dozen miles, it would 
probably be most economical to use pipe lines to convey 
the gases, but for longer distances electrical transmission 
would be the obvious method to adopt. Another industry 
that might be served is the manufacture of calcium carbide. 
Carbide is not now being manufactured in bulk in this country, 
owing to the lack of cheap power. Abroad, engineers have 
* Times E.S., July 17, 1907. 
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ihr ativaiitdiic of extraordinary cheap water power—as low, 
.uvradinc to Frofessor S. P. Thompson, as part of a penny 
i«r H.I'.-hour—and it is clear therefore that unless some 
verv cheap source of power is rendered available here also it 
ail! not be possible for this country to produce its own 
carbide. Calcium carbide, in its purest form, is used for 
the production of acetylene for lighting purposes, but a 
less pure and cheaper kind can be used in the preparation of 
chemical manure, for which the demand is on an altogether 
larger scale. 

Lime and coke when heated together to a temperature of 
•2„iKfc>-3,000 1 C. produce calcium carbide, combining in 
accordance with the following chemical formula— 

CaO +■ 3C = CaC 2 +■ CO. 

This reaction is carried out in an electric furnace worked 
either by direct or alternating current, although as the latter 
allows of a higher voltage transmission and simple trans¬ 
formation it is usually preferred. It is a high temperature 
reaction and not an electrolytic one, thus permitting either 
type of current to be used. In the above equation the CO 
pashC*b away as a by-product, and carries with it one-tbird 
the carbon used. This gas might of course he collected 
and its thermal value used say for the heating up of the 
charge of lime and coke, for the earlier part of the great 
temperature range necessary. The amount of current needed 
to produce I ton of calcium carbide is about -§ H.P.-year. 
Mr. Bertram Blount in his Practical Electro-Chemistry remarks : 
— u The surplus gas (from coke ovens and blast furnaces) 
can be used with economy in large gas engines of 500 or 1,000 
and energy thus obtained almost as cheaply as from a 
water-power. For example, at an inclusive cost of per 

H.P.-hour, which is by no means unattainable, the price per 
H.P.-year is £3 13s., a figure which approaches that of a 
moderately cheap water-power. The real obstacle to the 
general utilization of such power is not its cost, but the some- 
what restricted market for carbide, causing it to be readily 
swamped by any great increase of supply; even with that 
restriction, however, the manufacturer having cheap coke 
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and lime in an industrial centre, will stand at least as good a 
chance as his rival with slightly cheaper power, but away from 
such supplies.” 

Owing to the discovery that calcium carbide could be 
used in the preparation of an excellent chemical manure, 
the possibility has been opened up of an enormous demand 
for this product, thus affording a suitable purpose to which 
large quantities of electric power could well be devoted. Such 
an enlargement of the calcium carbide market might not be 
altogether welcome to present manufacturers of the carbide, 
as the new product, not being used in the production of acety¬ 
lene gas for lighting need not be so pure. A heavy demand 
for the less pure carbide might therefore lead to difficulty in 
obtaining small supplies of a purer kind, as it would hardly 
be worth while undertaking it. Or even if undertaken, the 
cost of such carbide might actually be greater with the increase 
of output than it is now. Probably if the bulk of the output 
were of a different quality it would not be feasible commercially 
to produce raw carbide in so pure a state, but this would not 
prevent the impurer carbide being purified by subsequent 
treatment in such quantities as the acetylene demand might 
necessitate. Even if chemical difficulties present themselves 
in the purification of the carbide when made, there is no reason 
to suppose that the ingenuity of chemists will be unable to 
circumvent those obstacles as soon as it is necessary for them 
to be dealt with. Present-day manufacturers hold to preven¬ 
tion being better than cure, and would far rather see that 
purer raw materials (coke and lime) were used; but if a big 
agricultural demand should arise, it is not to be expected that 
subsequent modes of manufacture would be controlled entirely 
with a view to the smaller market. The virtue of calcium 
carbide from the agricultural point of view lies in the fact 
that it can be converted into calcium cyanamide, which can be 
directly applied to land as a fertilizer, and that when so employed 
it is of great value and efficacy. The cyanamide can be ob¬ 
tained direct from the carbide by fusing the latter in a stream 
of nitrogen. Or if preferred, the process may be shortened 
by admitting nitrogen to the electric furnace in which the 
lime and coke are being fused. 
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EXAMPLES 

1. A gas engine indicates 60 H.P. when using gas at the rate of 800 
cu. ft. per hour. The calorific value of the gas is 300 C.H.U. per 
cu. ft Calculate the thermal efficiency of the engine. 

(B. of E., 1912.) 

2. The foil iwing data ar© taken from a record of a test of a gas 
engine u4ng power-gas —cylinder diameter = 48 in., stroke = 54 
n„ M.E.P. = 73 lb. per sq. inch. Number of explosions per min. = 
36. Gas used per min. = 1020 cu. ft. Calorific value of gas = 60 
C.H.U. per cu. ft. B.H.P. = 545. Calculate :— 

(i) The I.H.P. 

{ii! The mechanical efficiency of engine. 

(liii Volume of gas used per I.H.P.-hour. 
iiv) Volume of gas used per B.H.P.-hour. 

(vl Indicated thermal efficiency. 

(vi) Brake-thermal efficiency. 
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OIL AND PETROL ENGINES 



CHAPTER VIII 


Oil and Petrol Engines 

Fuels — Slow-Speed Oil Engines — Diesel Engine — Petrol 
Engines pop Motor Cars and Aircraft—Carburettors— 
Theory op Jet Carburettors—Ignition—Marine Engines. 

132. Fuels. —Internal combustion engines are of two classes : 

(1) those that work with gases for their explosive medium, and 

(2) those that use vapours of liquid hydrocarbons such as oils. 
The former class has been dealt with in the preceding chapters 
so far as everything except methods of ignition is concerned 
—and ignition being similar in both classes does not need to 
be dealt with in two parts. Oil and petrol engines, as those 
in class (2) are generally named, are of practically the same 
design as gas engines so far as cylinders, pistons, valves, etc., are 
concerned, and the difference between them mainly relates to 
the mechanism for dealing with the fuel used. A gas engine does 
not need any carburettor, whereas in most oil and petrol engines 
it is one of the most important and most sensitive parts. 

Ricardo points out * that a given engine will develop more 
power with petrol than with coal gas for the reason that— 

(1) In order to consume the whole of the oxygen present 
the volume of petrol vapour required is only slightly over 2 
per cent, while that of coal gas is nearly 17 per cent., hence 
the volume of oxygen burnt in the case of petrol is about 15 
per cent, greater. 

(2) Owing to the latent heat of evaporation of petrol the 
temperature of the working fluid is reduced both before and 
during its entry to the cylinder. So that a greater weight 
is taken in per stroke. 

(3) After combustion the specific volume of an air-petrol 


♦ N.E.C.L of E. & S., 1918. 
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mixture k increased by 4 to 5 per cent., while with town gas 
tl^re is a loss of volume of about 3 per cent. 

The main requirements of liquid fuels for internal combus¬ 
tion engines are that they should 

{!) Be moderate in cost; 

(2) Be free from anything which might lead to deposit 

inside cylinders ; 

13) Cause a minimum of difficulty when starting the engine ; 

(4) Not lead to objectionable exhaust. 

The liquid fuels in common use are heavy or medium oils, 
petrol, alcohol, and certain coal-tar products. 

The crude petroleum coming from the well is treated at the 
oil refiners in such a way as to separate the light constituents 
from the heavy. This process is known as “ distillation. 
The crude oil is gradually heated in large boiler-like vessels, 
and as the vapours are given off they are led to a separate 
chamber and there condensed into fractions according to the 
boiling point or density. 

The density of the oil on leaving the well is about 0*8 to 0*9 
and the annual output for the whole world is about 90,000,000 
tons. This total is very small when compared with the 
output of coal (which is more than 14 times as great), and 
unless extensive new supplies of oil are discovered it is 
useless to expect to replace solid by liquid fuel, although 
the higher calorific value of the latter might make tlie 
change desirable. The sources of the supply of petroleum 
in 11120 ♦ were as follows— 


U.S.A. 





. 64*8 per cent. 

Mexico 





. 23*3 

Biwia 





3*5 „ 

Put db E, Indies. 





2 5 „ 

Indm 





1*2 

Persia 





. * 1-0 „ 

Other cocaines 

* 



* 

* 3*7 „ 

100*0 „ 


It will be seen that the first two countries produced 88 

par cent, of the whole. 

* Sir GL Bealby’s James Forrest Lecture, 1921. 
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Pennsylvanian petroleum consists of a mixture of hydro¬ 
carbons of the C n H 2n+2 group in which n may be anything 
from 1 to, say, 30, and the boiling point rises gradually from 
0° C. for ClH 10 to 280° C. for C 18 H 34 . Hexane (C 6 H 14 ), which 
has a boiling point of 69° C. and a density of 0*667, is practically 
a light petrol; but the heavier petrols come nearer to octane 
(C 8 H 18 ), which boils at 125° C. and has a density of 0*718. 

133. Petrol.—Petrol (called “ gasoline 55 in U.S.A.) is one of 
the lightest of the constituents of petroleum put to commercial 
use. It begins to distil at 50° C. ; at 80° C. to 90° C. about 50% 
comes over, and by the time the temperature has been raised to 
150° C. all of it has been separated. This temperature range 
is 100 degrees Centigrade and is called the “ distillation range. 55 
Petrol is an excellent fuel for motor-cars, having all the desir¬ 
able characteristics. In 1902 the quantity imported into the 
United Kin gdom was less than 6,000,000 galls.; in 1920 it 
was nearly 200,000,000 galls. 

In the early days of motoring petrol was usually of about 
0*68 specific gravity. Now, however, it is nearer 0*74. The 
best quality of petrol has a specific gravity of from 0*715 to 
0*730 and yields 63 per cent, on distillation at 100° C. and 
90 per cent, at 120° C. The calorific value is 10,700 pound- 
calories (19,200 B.Th.U.) per lb. (This is the “ net 55 calorific 
value, as it does not include the latent heat of condensation 
of the water vapour formed by combustion.) 

As is indicated by the large distillation range, petrol is not 
a single homogeneous product; hut its average composition 
corresponds fairly closely to the chemical formula C 8 H 18 . 

134. Paraffin— Paraffin (called “Kerosene 55 in U.S.A.) is 
the next constituent to distil over. Its distillation range is 
much greater than that of petrol, being from 100° to 300° C. 
It is therefore even less of a homogeneous product than is 
petrol, and it is, moreover, not possible to draw a distinct line 
between the two, the one merging into the other. The specific 
gravity of paraffin is about 0-8L Its calorific value (net) is 
10,600 pound-calories (19,100 B.Th.U.) per lb. Its average 
composition corresponds to C 10 H 2a . Owing to its large dis¬ 
tillation range carburation is more difficult than with petrol, and 
it is seldom used therefore for engines of the motor-car type. 
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Aftn- tin* paraffin has distilled over the remainder is separated 
lubricating oil residual oil, vaseline and paraffin wax. 

135, Benzol.—The coal-tar product which is found to be 
suitable for use in internal combustion engines' is benzol. 
It is a colourless liquid having a specific gravity as high as 0*88. 
The approximate chemical formula is Chile* and its calorific 
value is about 10,000 pound-calories (18,000 B.Th.U.) per lb. 
It logins to distil at 80° C. and ends distillation at 120° C., 
showing that it is a more nearly homogeneous product than 
either petrol or paraffin. Owing to its high specific gravity it 
has a much higher calorific value per gallon than petrol. Its 
volatility renders it quite suitable for use in motor-cars, and 
it can l>e employed without any changes whatsoever in engine 
or carburettor. Some qualities have the disadvantage that 
at 0 = C. they freeze solid, but the presence of a proportion 
of toluene in the benzol removes this difficulty. 

136, AIcohdL—Alcohol is a volatile and colourless liquid of 
vegetable origin with a chemical formula of C 2 H 6 0.f Its speci¬ 
fic gravity is 0*80. It distils completely between 80° C. and 
ICNC t\ and the calorific value is 6,600 pound-calories (11,800 
B.Th.U.) per lb. It has, however, been little used for fuel in 
England owing to the high Government duty. 

Efforts have been made to encourage the use of alcohol in 
internal combustion engines, because of the cheap rate at 
which it can be manufactured on a large scale and because 
of the risk that the development of the internal combustion 
engine might otherwise be hindered by a partial exhaustion 
of oil wells. 

137, Sources of Power Alcohol.—A study was made of the 
several possible sources of power alcohol by a committee of the 
Petroleum Executive {Cmd. 218—1919). The following are 
some of their conclusions. 

The outstanding and fundamental attraction of alcohol 
motor-fuel as a substitute for any fuel necessarily derived 
from coal or oil deposits lies in the fact that, on account of its 
chief sources being found in the vegetable world, supplies of 

* u Bimbos*** the chief constituent (70 per cent.) of benssol; another 
important eoasstitueat (20 per cent.) is toluene, CyH*. 

f Xjwvm etemically as Ethyl AloohoL 
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raw material for its manufacture are being continuously 
renewed and are susceptible of great expansion without 
encroachment upon food supplies. 

“ We are of opinion that steps should be taken to ensure 
increased production of power alcohol by the extended use of 
the vegetable matters from which it may be obtained. Impor¬ 
tant materials of this nature are :—(1) sugar-containing 
products, such as molasses, mahua flowers, sugar-beet and 
mangolds ; (2) starch or inulin-containing products, such as 
maize and other cereals, potatoes and artichokes ; and (3) 
cellulose-containing products, such as peat, sulphite, wood-pulp 
lyes and wood. 

***** 

“ Seeing that one ton of potatoes yields only 20 gallons of 
95 per cent, alcohol, while the yield from artichokes is only very 
slightly higher, we are of opinion that, having regard even to 
the pre-war prices of potatoes and artichokes in the United 
Kingdom, power alcohol cannot be produced in this country 
from these sources on a commercial basis except under some 
system of State subvention. Similar considerations apply 
also to the sugar-beet and mangold crops. 

“ No satisfactory method for the utilization of peat as an 
economic source of power alcohol has been brought to our notice. 
We are, however, of opinion that in connection with researches 
into the use of peat for various purposes its potential value 
as raw material for the manufacture of such alcohol should 
not be overlooked. 

“ We are of opinion that, so far as vegetable sources of raw 
material for the manufacture of power alcohol are concerned, 
we must rely mainly, if indeed not entirely, on increased 
production in tropical and sub-tropical countries. 

***** 

“ We have referred to the basic difference between alcohol on 
the one hand and benzol, petrol, or other petroleum products 
on the other—a difference which has not as yet been properly 
appreciated—i.e., the fact that the chief raw materials for the 
production of the former can be renewed and are susceptible 
of great expansion, whilst those from which the latter are 
derived are limited to deposits, definite in extent, that cannot 
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1*. ivnvwcd, Furthermore, as power alcohol is miscible with 
u au-r in all proportions, its use affords greater safety from fire 
thnn dm * t lie employment of benzol, petrol, or other petroleum 
proiui’t.s. We consider that these two factors should be 
regarded as sufficient grounds in themselves to justify State 
action in fostering the production and utilization of alcohol 
for jMiseF purposes.” 

138. Tabular Statement —It is convenient to summarize 
the more important data in the form of a table 


Liquid Fuels 


SulatiBi*© 

i 

Specific 

gravity 

» at 13° C. 

! 

Distillation 
range 
deg. Cent. 

1 

i Calorific 
value (net) 

C.H.U. 
per pound. 

! 

Calorific 
value 
C.H.U. 
per Imperial 
gallon. 

i 

i Approximate 
j Calorific 

' value in 

ft.-lb. per 
| pound. 

Paraffin . 

; 1 H»|) 

1 

1 mi 

i 

1 100/300 

io,eoo 

86,000 

15,000,000 

Petrol 

A* 

j 073 

i 

50/150 l 

10,700 

78,000 

15,000,000 

Alcohol 

AT lit 0) 

! 0*80 ! 

80/100 

6,600 

53,000 

9,000,000 

Beazol 
{I* B € ) 

| 088 

80/120 

10,000 

88,000 | 

14,000,000 


189. Petrol-benzd Mixtures.—Bicardoh as shown* that with 
a given petrol which, with the most efficient mixture strength 
and ignition, detonates when the compression ratio reaches 4*85 
will, when 20 per cent, of toluene is added to the fuel, stand 
the compression ratio being increased to 5*57, with an accom¬ 
panying improvement in efficiency from 31-1 to 33*5 per cent, 
and in mean effective pressure from 131*8 to 140 lb. per sq. 
inch. Be points out that popular theories that benzol, or 
mixtures of benzol and petrol, give higher power at the same 
mmjmmmn than pure petrol (whereas all such mixtures really 
give the same power to within about 2 per cent.), owe their 
origin to the fact that most engines have already too high a com¬ 
pression for efficient use with pure petrol, with the consequence 
that i late ignition setting, and often an over-rich mixture, must 
he used ; the addition of benzol in such cases permits the use of 

* Royal Aeronautical Society, 1921. 
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the correct ignition and mixture strength and so gives the 
impression that a more powerful mixture is being employed. 

140. Sources of Petrol Supply. —The advent of the motor 
car has been the main cause of the increase in the demand 
for petrol, which previously had been regarded as a waste 
product. Petrol is- now one of the most valuable components 
of crude mineral oil. According to Boverton Redwood and 
V. B. Lewes * the following were the pre-war sources of the 
petroleum spirit (or petrol) imported into Great Britain :— 


From 

Per cent. 

United States. 

20 

Sumatra, East Indies, Borneo and Netherlands 

57 

Russia and Rumania. 

11 

Other Countries. 

12 


100 


Processes have been tried and are to some extent in use in 
this country, for obtaining petrol from paraffin or heavier 
oils by the chemical process known as “ cracking. 5 ' There is 
a tendency, however, for these processes to be kept secret. 

141. Latent Heat of Vaporization of Liquid Fuels —When 
water is raised to the boiling point and the application of heat 
is continued, some of the water is converted into steam ; each 
pound weight of water formed into steam at 100° C. needs 
537 pound-calories to effect the conversion. This 537 calories 
is called the latent heat of vaporization of water, or sometimes 
the latent heat of steam. In the same way, heat has to be 
given to petrol, paraffin, benzol, or alcohol to vaporize them. 
When these fuels are being used in internal combustion engines 
they need to be vaporized, and the heat necessary for vaporiza¬ 
tion is drawn from the air and metal in contact with them. 
If this heat be not provided in some way the fuel in the car¬ 
burettor will get so cold that it will not vaporize satisfactorily. 
The usual way of maintaining the temperature at a satisfactory 
level is either to warm the entering air by making it pass round 

■ * Imperial Motor Transport Council, 1913. 

n 
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, tlw lot exhaust pipes, or by jacketing the carburettor with 
i vyhinkr-jacket water. If the former plan he followed it is 
found that the air needs to be heated by the following amounts 
to vaporize entirelv the fuels mentioned :— 


Petrel 

IVinvl 
Itoaft ill 
Alobol 


about 25° C- 

„ 30° c. 

„ 60° 0. 

s , ioo° a 


' 142. Proportion of Air k) Fuel.—The chemical composition 
of ]>etrol varies with its density, but taking it at the average 
of the equation for complete combustion with oxygen is 

2C,H 18 +250 2 =16C0 2 +18 H 2 0 

showing that 1 volume of petrol vapour will need for its com¬ 
plete combustion 12| volumes of oxygen. And since air 
contains 23 per cent, of oxygen, by weight, or 21 per cent, by 

volume, each volume of petrol vapour will need about 60 
volumes of air. It is also possible to calculate the proportion 
by weight instead of volume. Thus in the above instance 
2 pdb-f-18) pounds of petrol need 25X32 pounds of oxygen 

25 X 3200 

and therefor© ^ . .— pounds of air. The number of 

^ 23 

pounds of air needed for the complete combustion of one 


pound of petrol is therefore 


25X3200 

23X228 


=15 pounds. ‘ 


Proportion of Air to Fuel for complete combustion 


Ratio by volume 


Ratio by 'weight 


Paraffin. 

Alcohol . 
Benzol . 
Petrol . 


The foregoing table gives also the corresponding figures for 
pntJfiit, alcohol and benzol. These are the proportions for 
combustion, but proportions varying within limits 
imm these ideal figures will also explode. This is shown in 
the Mowing table;— 
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Substanoe 

Ratio by volume to air 

Ideal 

Practically possible 

-Alcohol.... 

7 per cent. 

4-0 per cent, to 13-6 per cent. 

Benzol .... 

3 „ 

2-7 „ „ „ 6-3 „ „ 

Betrol .... 

1*7 „ „ 

1*9 »» j, 5*0 ,, ,, 


143. Calorific Value of Explosive Mixtures. —Although the 
oalorific values of fuels vary so much—thus the calorific value 
of illuminating gas is many times as great as that of blast 
furnace gas—there is relatively little difference between the 
oalorific volumes of the explosive mixtures formed with them. 
This is because the rich fuels are diluted with a great deal of 
sir, and the poor ones with very little. The following table 
illustrates this :— 


Puel 

Approx, calorific 
value per cu. ft. 

Volumes of air 
theoretically 
needed for 
combustion. 

Approx, calorific 
value per cu. ft. 
of mixture. 

Blast furnace gas . 

pound-calorie© 

50 

0-6 

pound -calories 

31 

^Producer gas v . 

70 

0-9 

37 

Ooke-oven gas . 

300 

5 

50 

Illuminating gas 

350 

5 

58 

.Alcohol vapour . 

900 

14 

60 

Benzol vapour . 

2390 

32 

72 

Betrol vapour . 

3420 

60 

56 

JParaffin vapour . 

4960 

74 

66 


In practice there is always present some excess of air over 
and above the amount theoretically needed ; this leads to a 
reduction in the average calorific value of the gaseous mixt ure 
£Lnd probably brings the figures in the last column of. the 
.above table still nearer to one another. 

Tizard and Pye have shown* that when heat of combustion, 
ohange of volume on combustion, and specific heat of the 
-working fluid are all taken into account the maximum power 
obtainable in any engine working under the same conditions 

* Automobile Engineer , February, 1921. 
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io f n *raf ratio, induction heat, etc.) is the same to 

a {Hun 1 j**r tent., for all hydrocarbon fuels. 

144. Slew-speed 01 Engines.— As an ordinary petrol engine 
whit li is ran on paraffin becomes thereby an “ oil engine,” 
3 ? is neee^ary to bring in the variable factor, speed, in order 
to distinguish it from the older and heavier types of oil engine. 
The former runs at , say, 1,000 revolutions per minute and over, 
and the bitter at only a few hundred. Neither is essentially 
«Mt rent fiom the other. If a petrol engine is imagined as 
greatly increased in size—say to a cylinder diameter of 14 in, 
—and all parts increased in proportion, the safe speed at 
which the engine will run will need to be reduced, because 
wluht the weight of moving parts goes up with the cube of the 
diiicer>ions, sectional areas of stressed metal only increase as 
the square. It is not possible therefore to aim at high speeds 
without greatly increasing the cost of production. The build¬ 
ing of such expensive engines is frankly put on one side and 
a cheap engine is built which will run at a very slow speed, 
slower even than the proportion to the increase in dimensions 
would naturally suggest. This enables cheaper materials to 
t>e used than are employed in the construction of petrol engines. * 
The output in horse-power is reduced in proportion to the 
speed, but increased as the cube of the cylinder dimension 
provided that ports, etc., are designed of sufficient size to 
enable the working mixture to enter and leave the cylinder 
without undue obstruction. 

As representative of this heavier class of engine the well- 
known Campbell oil engine is selected. 

IIS* The Campbell Oil Engine is illustrated in Figs. 63 
and §4. Kg. 63 shows the engine to be somewhat similar 
in plan to a horizontal gas engine and the engine parts are 
generally on that scale. The inlet valve C and exhaust valve 
G are shown in position. The latter is worked through a lever 
H and side rod J by an eccentric K driven from the crank- 
daft JL by spur gearing. When the speed exceeds the normal, 
a centrifugal governor pushes down a steel piece N, which, 
engages with a corresponding steel piece 0 on the exhaust 
mtm H, mi prevents the exhaust valve G from closing. When 
life valve is held open no partial vacuum can form in the 
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petrol engine 
^ “ oil engine/’ 
speed, in order 
*os of oil engine, 
minute and over, 
or is essentially 
is imagined as 
Smeter of 14 in, 
- safe speed at 
-duced, because 
the cube of the 
^nly increase as 
i at high speeds 
on. The build- 
>n one side and 
ery slow speed, 

3 in dimensions 
or materials to 
petrol engines.* 
>portion to the 
»-der dimension 
ifficient size to 
?e the cylinder 

igine the well¬ 
'd in Figs. 63 
aewhat similar 
ngine parts are 
exhaust valve 
through a lever 
Dm the crank- 
ds the normal, 
dece N, which 
n the exhaust 
losing. When 
n form in the 



Fig. 63. — Sectional Plan through cylinder of Campbell Oil Engine. 
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i yimiler during the charging stroke of the piston because there 
is five ouunumicatioii with the atmosphere through the ex- 
h.iu-t valve, and consequently no charge of oil and air can 
be drawn into the cylinder. The vaporizer for combining air 
.Hid 01 i into an explosive mixture is shown in section in Fig. 
til and consists of a cast-iron chamber A securely bolted to the 



Pro. 64.— Campbell Oil Engine, illustrating operation of vaporizer. 

cylinder and in direct communication with the combustion 
chamber. Into the top of this chamber the inlet valve plug 
B is fitted and this plug contains the seat of the inlet valve 
C {see Tig. 63). Theinlet valve C is kept closed by a light spring 
D and only opens during the charging stroke of the piston 
when a partial vacuum is formed in the cylinder. Oil is 
admitted through the annular space or groove F, and passes 
through small holes in the valve seat and into the vaporizer 
when the inlet valve leaves its seat. Air is admitted, through 
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■fcixe pipe M and passes through the inside of valve plug B, 
carrying the oil with it. The ignition tube E is screwed into 
boss on the chamber A. The tube and the whole of the 
v €tporizer is kept hot by an external lamp.* During the 
charging stroke of the piston, a partial vacuum is formed in 
the cylinder and the charge of oil and air is drawn through 
the inlet valve and sprayed against the heated sides of the 
chamber A. The mixture then passes into the cylinder, is 


compressed on the return stroke of the piston and then fired 


by the heat from the 
ignition tube. 

146. The Hornsby 
Type of Vaporizer is 
also worth studying. 
This type of vapor¬ 
izer is shown in Fig. 
66 and to show how 
■the vaporizer is fitted 
in place the diagram 
includes the cylinder 
also. When it is de¬ 
sired to start the en¬ 
gine a lamp is placed 
under the vaporizer 
chamber until the 


INDICATOR SCREW 



Fig. 65.—Enlarged view of Exhaust valve of 
Engine shown in Figs. 63 and 64. 


Xatiter is at a sufficient 


-temperature to ignite the oil which is pumped into it. This 
lamp is withdrawn once the engine is started, as the heat of 
ozsqplosion is sufficient to keep the temperature up to the 
requisite point. The oil tank is under the engine, and from it 
the oil is forced by a small pump into the vaporizer just at 
the moment when the piston is starting on its out-stroke and 
is drawing in the air necessary to combustion.t The supply 


* In some later engines a large ignition tube is used which is able 
-fco retain enough heat from each explosion to fire the next, so that the 
lamp may be withdrawn once the engine has been started. 

-j- in. construction this type of engine is similar to the “ Hot bulb ” 
or “ Semi-Diesel ” engine. (See par. 147 for comparison with the 
* c Diesel.”) In these.latter engines, however, the fuel is not injected 
irxto the vaporizer until the piston has reached the end of the com¬ 
pression stroke. 






following v 
"valves, on< 
to an overi 
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from which the oil can flow hack to the tank. If the speed 
rises beyond the required point the governor opens this latter 
valve and the quantity of oil getting into the vaporizer is 
therefore reduced. On the return stroke of the piston the 
mixture is compressed and some of it forced hack into the hot 
vaporizer, where the temperature is so high that ignition 
occurs and a working stroke is therefore made by the piston. 
The vaporizer chamber can, of course, be taken out and 
cleaned when desired. It is found, however, that even when 
working on quite heavy unpurified oils verv occasional cleaning 
will suffice. 


147. Diesel and 
semi-Diesel Engines. 

—Both these types 
of engine work with 
4 heavy oil fu el. In 
both cases air only is 
admitted during the 
suction stroke, and 
in both the com¬ 
pression is carried to 
a much higher pres¬ 
sure and tempera¬ 
ture than is possible 
in oil engines in 
which an explosive 
mixture of air and 
oil vapour are com¬ 
pressed together. 
The first Diesel en¬ 
gine was built at 


Fuel V*lve. 


m Valve 


Exhaust Valve 



Fia. 67.—Cylinder Head and Vaives of Diesel 
Engine. 


Augsburg* in 1897, and since then many thousand engines 
have been constructed for the smaller naval ships, for 
power generation and for other purposes. In this engine 
the compression is carried to 500 lb. per sq. inch (correspond- 


* Dr. Rudolph Diesel on “ The Diesel Oil Engine/* Proo. I. M. E. 
1912. Diesel’s original idea had been to follow the constant tempera¬ 
ture cycle, but the large size of the engine in proportion to the indi¬ 
cated power made the mechanical efficiency extremely poor and the 
cost very high ; the plan, was therefore abandoned. 
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:nd tu .1 > oiaprc ratio of about ^2) and in the semi-Diesel 
:>* <i } K* «t ]»** lb, |vr sq. inch ; whereas in the ordinary type 
> i i I'Xhw' the compression cannot be taken much beyond 
to To }\ pur sq. inch (gauge pressure) without the charge 
iiv unhtjig. The compression space in the Diesel engine has 
f.t In 1 ex< eoimgly small ; and to facilitate this the arrange¬ 
ment at the head of the cylinder is as shown in Fig. 67. In 
' the Diesel andmi-Diesel engines pre-ignitions of the ordinary 
Ikind hit equally impassible, as there is no fuel present during 
.my y trt *»f the compression stroke—although if from defective 
' nAn tkm the oil inlet-valve of a Diesel engine should leak, 
t here i* ;t ri-k that explosion may take place during the com- 



fia. $8.— Indicator Diagram from Diesel Engine. 


p»»ion stroke and that the engine be damaged unless mas- 
sively built. This danger is eliminated in the semi-Diesel 
engines, which hare the oil supply forced into the cylinder by 
the action of a fore© pump which comes into action exactly 
■on the dead point—with this arrangement the only result of a 
teaky valve would be leakage from and not into the cylinder. 

In the Diesel engine the fuel is sprayed in through the fuel 
valve shown by air at 800 lb. per sq. inch as soon as the valve 
opens. The compression stroke has previously compressed 
the Mr and exhaust products to 500 lb. per sq. inch, corre- 
* ponding to a temperature of about 600° C. The oil vapour 
therefore burns m it enters, and the pressure is maintained 

*5? !b - f* 8< b iaol » during an appreciable portion of 
the outward stroke of the piston until at a given point the oil 
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supply is cut off and expansion takes place. Fig. 68 shows an 
indicator card typical of this cycle. In computing I.H.P. 
from such a card, deduction needs to he made for work done 
in the air-compressor. Every Diesel engine is equipped with 
an air compressor for maintaining a supply of air in the start¬ 
ing and air injection vessels.. The pressure is usually maintained 
in these vessels at from 800 to 1,000 lb. per sq. inch and must 



not be allowed to faff below about 600 lb. per sq. inch, other¬ 
wise the compression pressure in the working cylinder would 
prevent the fuel entering and the engine could not be started. 

\ The Diesel engine needs no ignition device. In the semi- 
Diesel engine, however, the compression temperature is not by 
itself high enough to ignite the oil, which is therefore made to 
enter a specially hot chamber at the end of the cylinder. 
Contact with the hot walls of this chamber in the presence 
of the heated air ^ignites the charge. This hot chamber is 
treated by a lamp on starting, but afterwards maintains itself 
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■which for marine work is convenient. Any widespread use 
of this engine either on sea or land depends very largely on a 
supply of residual oil fuel or of a suitable tar-oil being obtained 
at a cheap price. 



148 The Thomycroft marine engine can be operated with 
either’ petrol or paraffin. It is, of course, easier to work a 
marine engine on paraffin than a land one, as in the former 
■fclxe starting torque required is very slight, and the speed at 
which the engine runs is much more even. There are, m 

slaort, no hills to climb. . 

The Thomycroft engine is illustrated m Figs. 71 and 72, 
the following description will help to elucidate them. 

In the first place it will be noticed that the engine is essen¬ 
tially a marine one,'the bearing arms being cast on the bottom 
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, ( ,i., .'-i.Citc. and large doors being fitted in the upper 

. ,,<• t ,1 -.'a'KC .idjii'1 ments to be made to the bearings, 
, w i A u ./ he noticed that the engine is substanti- 

",jh Knit and -uitable for heavy continuous running at 

full lahU r , « 1 . TkV 

Ihr i Vllui hr* M are cast in pairs with large water-jackets IN 
. surrounding 

^ 5 them ; these 

’M ~M ' jxrj- water-jackets 

M i ^ extend suffici- 

•' ’ ‘>**< ' f _I ently far down 

4 * * ! v f B to enable the 

K /){ ! 1 . v- -/ working parts 

/ ! ' * / ^ b of the cylinders 

r V 1 * ,r li V^:<\ to be com- 

^ " ' H ' Cr,! —M pletely covered. 

~M ' i M ;{ 0 is the piston 

rj. : J, fitted with five 

■ j® r , a 1 i J ^ x piston rings ; 

’J ; ! ;! ’ ' y'M ^ -t— A P the connect- 

' MX h 4 •4 — 1 big rod working 

4 ’ “M { / A on the gudgeon 

-i ' XX • P irI ^ &bted 

5 > jjy4 _4n with a solid 

4 ’ *4 / 4 j hush. U is the 

i ... \ ' '\ - J crankshaft, and 

\ ; j \ /I it will be 

| : !!j sir noticed that 

the cranks are 
Ml at 180 degrees 

1 with each 

Pm 7 L—General Anangesnent of Thomycroft 6 # x&* n f Vi p t nr h p 
M arine Petrol or Paraffin Engine—End view. 

main bearings 

are shown at S, and are of considerable length. The 
bottom ends T of the connecting rods are adjustable, and 
it will be noticed that to assist lubrication the cap and 
bottom half brasses are left slightly narrower than the 
top hall The pinion U on the crankshaft drives two fibre 
whoeb V ccffiiitcled to lift hak-speed shafts. The free-wheel 
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Pm 71.—General Armngeinmt of Thornycroft 6 # xS* r 

Marine Petrol or Paraffin Engine—End view. 







Fig. 72.—General Arrangement of Thomycroft 6"8" Marine Petrol or 
Paraffin Engine—Side view. 


YY. Advance sparking gear is worked by the lever Z, and 
half compression for starting by the lever A. The exhaust 
collecting-branch is water-cooled. 
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149. The Petrol Engine.—The principle of working of a 
pctR'i engine is just the same as that of a gas or oil engine 
so mu Hi so that petrol engines hare not infrequently been 
couplt'il up to sue !ion producers and run for a time as gas 
engines. Although this is so it must- he borne in mind that 
owing to differences in the nature of the working fluid the 



Tux 75 —32 H,P. Four-Cylinder Albion Petrol Engine for Motor Wagon. 

proj»ftioas of tie engines require to be designed separately 
for each method of working. In a petrol engine the working 
fluid is a mixture of air with about 2 per cent., by volume, of 
petrol vapour. This mixture is formed by admitting both 
air and petrol to m device called a carburettor. From the 
aulMXiottcir the mixture passes to the engine—most often 
through a throttle^ valve of the butterfly wing variety. The 
pwpcirtioiii of sir aid petrol are adjusted by having variable 
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inlets for the air and controlling them by hand or by a governor. 

One, two, three, four, six or eight cylinders may be used to 
make up one engine. The 
cheaper cars usually have two 
ox four cylinders, whilst six 
cylinders are often fitted to 
tlxo larger ones. The more 
cylinders an engine has the 

more uniform is the turning _ 

moment and the lower the 
sjpoed at which the engine 
ceun be run without stopping. 

This is an important point, 
suxxcl it is usually discussed 

■ULXxder the title of “ flexi- . - A ^ . , 

Ibilxty. Maximum H.P. is * Engine. 

uisxiaUy obtainable at from 

1 ,5^00 to 2,000 r.p.m., but it is often desired to run at much 
lower speeds. As the car speed is required to have a very 
considerable range, and as full power should be available at low 


Front Road Wheel 
Front Axle 


Fly Wheel 
and Clutch 


Bear Road Wheel 


Rear Axle 


Bevel Drive 


Propeller ShaFt 


rrp^_Line Diagram of arrangement of Motor Car Chassis. (Compar. 

*** x ' ' with Fig. 76.) 


a,s -well as at high speeds, variable gearing has to be introduced 
between the engine and the road wheels. 

'This brings us to the consideration of the mechanism by 
wbich the power of a petrol engine is transmitted to the road 
wheels of a car. This is shown diagrammatically in Fig. 75, 
•whilst in Fig. 76 is seen a Talbot Chassis showing how the 
a-rrangement is carried out in practice. B 
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The engine is fitted to the car so that the crankshaft points 
the direction of motion of the car ; this shaft is continued 



Sw *° ?“ bMl “ d “> 'Option i» 

° mng iia ***** similarl .7 P^d 
m propeller shaft of a screw steamship &nd actually being 
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the propeller shaft when, used in a marine motor. This shaft 
transmits power by bevel, worm, or chain gearing to the rear 
axle of the car, which of course is at right angles to it. In 
order to be able to alter the velocity-ratio between the engine 
and rear axle a gear box is fitted in the position shown, and 
by means of a lever worked by hand, the velocity-ratio can 
be altered at will. 

The mechanical efficiency of the transmission from engine 
cylinder to road wheels is variously stated as anything from 
60 to 80 per cent. The following table based on tests by 
Riedler shows generally the way in which the losses are incurred. 



H.P. at full speed on level 

Benz 

Car 

(84 m.p.h.) 

Adler 

Car 

(71 m.p.h.) 

Daimler- 

Knight 

Car 

(50 m.p.h.) 

Bussing 
Wagon and 
Trailer 
(16 m.p.h.) 


H.P. 

| H.P. 

H.P. 

H.P. 

Loss in transmission . 

17 

12 ! 

6 

13 

Total rolling loss . 

27 

23J 

9 

17 

Front wheel friction and 





windage .... 

4 

31 

4 

4 

Air resistance . 

52 

36 

22 

4 

Total H.P. . . 

100 | 

75 

41 

38 


The effect of speed upon the air resistance is very well 
seen from these figures.. It rises from the 4 H.P. of the 16 
m.p.h. vehicle to 52 H.P. for the 84 m.p.h. "car. 

150, Sleeve and Rotary Valves for Petrol Engines —A few 
petrol engines are fitted with what are known as “ sleeve 
valves 5 5 instead of poppet valves. Sleeve valves work on 
much the same principle as a steam engine slide valve. The 
moving sleeve works in between the cylinder liner and the 
cylinder wall, and the liner itself may be made to slide too. In 
this way timed openings and closings of valve passages are 
possible. A further proposal is to use rotary valves, in 
which, by the steady rotation of one long distributor, all the 
cylinders are controlled. At present, however, experience is 
in favour of the poppet type of valve. 
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151 AeiO Engines.— Aero engines, although generally 
;li principle to motor-ear engines, require to he made 
!, in 1914 aeroplanes rarely had engines of over 

“,Vh R^'icrir ve.vrs later, under the stimulus of war eondi- 
u i;,. th- -une‘type* of craft had engines giving up to 400 
H P TV*! change was accompanied by a remarkable drop 
i„ t Ik m'uht n'lry) per H.P., viz. from 4 lb. to 2 lb. or even less, 
qp,, |,>i H.P. Napier “ Lion ” is shown in Fig. 77. Its weight. 



Fig* 77. Hspier “Lion” Aero Engine. 


dry. h stated by the makers to he 900 lb., or exactly 2 lb. per 
H P. It is a 12-cylinder engine (5J in. by 5| in.), built in 
three blocks of four cylinders, one Hock being vertical and 
the otter two inclined at §0° to the vertical. His engine 
develop 459 H.P. at 2,000 r.p.m. with a compression ratio of 
S-8* of 425 HP. with a ratio of 5*0. The petrol consumption 
m stated to be 0*48 lb. per B.HJP. hour and the corresponding 
figure for Imbricating oil, 0*028 lb. Napier “lion ” engines 
used on the Lomdon-Haris air route are able to be run at c< half 
thistle *’ (325 HP.), so adding greatly to the life of the engine 
and alording a valuable reserve of power. c 




PARTICULARS* OF REPRESENTATIVE BRITISH AERO ENGINES OF EACH TYPE. 
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♦ Lord Weir on tf Developments in Aircraft during the War,” before N.E. Coast Inst, of Engineers and Shipbuilders, July, 1919. 
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1ft*. Cat lute! tom -Th* frnic- 
s if £ i < dkiuli^r to 
r i,„ » !m p*t u »1 or other 
?iLh *4ii, m 3 that an 
« o nnxUnt is formed 

vo 1 \ < ,ti\ U' admitted forth- 
:*< tie cylinder. It is 
t'itkr to allow only a 
j^ma „.f the air to pass 
t hr>?uj^ tht carburettor and 
to add additional air to 
tiie i\ta?o so as to bring it 
to tor retimed prof>oitional 

i ?kt kfl oi, OH the other troller. JB. Inlet pipe to Engine. 
1 + « v . i, i. * * < 7 . Needle valve to regulate flow of 

i if vi tn»- lilioje of the air may petrol. 

!r ]vt«rJ through the carbur¬ 
et a- Niut jietiol comes over in the form of a liquid spray, 
and *taf rafrying such a spray is quite easily explosive. 

Tie :i:ttr mingling ’ is caused in one of two ways : (1) by 
i \ th Jet method ttthich is the most common), or (2) by the 
smhet eraparation method. In the former the jet may be of 
1 ! t k i 1 4 tiii varieties shown in Figs. 78 and 79. In the former 

the air sucked 
through B, on. the 
opening of the 
valve, causes petrol 
to rush up the pipe 
A, past the screw- 
adjusted inlet open¬ 
ing to a small hole 
on the conical seat¬ 
ing of the valve. 
The lift of the valve 
therefore not only 
admits air hut un¬ 
covers the small 
petrol hole up which 
a c jet of petrol at 
once squirts. Then 



Fi«, Jn i"itflriin*ftcir aacl Float Chamber. 
M, \\tt<A ifht It Nfettk valve, a Bloat 
iuhtf b eU*** ti» imnlb valve B through tbe 
Ji tW petrol ramhm the Iwd 

/. a Air-nozzle. ILMet 

i^p to angfe* 
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the petrol, having so low a vaporizing point, at once turns 
into vapour and forms with the air an explosive mixture. 
The screw adjustment—or needle valve as it is called—allows 
the richness of the mixture to be adjusted. Pig. 79 show’s a 
better and more familiar way of doing the same thing. Air is 
sucked in past the nozzle of the jet F and out by the opening 
K. In rushing past the jet it sucks up a petrol spray, which 
evaporates as it mixes with the air. On the left of the figure 



is seen the float chamber for keeping the petrol level constant. 
It operates much as does a ball and cock feed to a water 
cistern. B is a needle valve which gets pushed down on to 
its seating by the levers D when the float C rises to the top. 
This stops more petrol coming in until the petrol-level sinks 
so much as to let the float down till the levers open the needle 
valve again, when more petrol flows in. The weight of* the 
float is so adjusted that the petrol-level is kept at just the 
right height. It is the custom to have the petrol standing 
just below the top of the jet, but it works even if standing 
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r , ' '.u the i. jt of tiio jet. Evidence of this is seen in 

’ .. ni i.nil the float chamber is sucked quite dry 

tie musing of the engine when the petrol inlet pipe 
A k t .L!f *>d up in some way. The principle of the working 
/{?!<■ > t w -111 a* gone into later. An efficient type of a surface 
^iknctfor » shown in Tig. 80, which illustrates a carburettor 



f'Mm 81 .-—Kr«bt €wlbi»ttoiv in wMeb. the opening to the extra air supply 
is controlled by the suction of the engine* 

iwl on a Lanehester engine. The principle of its working 
i§ obvious from the diagram. The air passing over a large 
surface takes up petrol vapour. 

All the carburettors described work best with a certain 
wfcmty fd low ol the air. When, however, the engine runs 
very fan! m very slow the air velocity changes accordingly 
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so that the carburettor sometimes gets more air, and some- 
'times less, than it wants. If the flow of air be increased it 
is found that too much petrol is taken up, so it is customary 
to arrange for only part of the air to pass the jet and for the 
rest to be added to the mixture without passing the jet at all. 
It is best to arrange for this adjustment to be made auto¬ 
matically, and Pigs. 81 and 82 show how this can be done. 
The former shows the Krebs automatic carburettor. When, 
owing to in¬ 
crease of piston 
speed, the suc- 
tion on the 
air increases,, 
the leather dia¬ 
phragm 0 is 
sucked down 
against the 
weak spring P 
and opens a , 
valve at M so 
that air can flow 
in and mingle 
with the air 
which has 

entered at G 82.—Automatic Carburettor working in a generally 

■s -i similar way to the Krebs. The opening of the 

and has passed valve M depends on the suction. 

the jet P. L is 

the throttle valve controlling the quantity of the mixture 
which is allowed to pass to the cylinder by the pipe K. 
Pig. 82 shows another way of doing the same thing. As the 
suction increases the extra air comes in through the valve 
M and joins at K the part which has come in over the jet P. 
There are many other ways, easily devised, of applying the 


MSS55 


same principle. 

Owing to the heat absorbed by the evaporation of the 
petrol it is usual to warm the entering air slightly. This 
is done by putting the air inlet pipe nozzle close up to one of 
the exhaust pipes go that the air in rushing past the hot pipe 
gets warmed slightly. Of course the fact that the whole 
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. i ^a^uivtiur i> undvr the warm engine bonnet helps to 

h*vp the tt'injMUAtiire from falling too low. 

Wiiiii | uraffia is n>ed as a fuel much more heat is necessary. 
153. Special Fems of Carhurettor—There are a great number 
4 forms of carburettor, for which the inventors claim 

remarkable advantages. Of these the best known are the 
White and Poppe, the Claudel-Hobson, and the Zenith, but 
there are many others in widespread use. Having regard 

to the great variations in the 
manner of working of these car¬ 
burettors, it is surprising that 
so many of them work so 
uniformly well. The White and 
Poppe is illustrated in Fig. 83. 
It is probably the most success¬ 
ful of them all in respect of fuel 
economy. It has no additional 
an inlet, and keeps the mixture 
correct by manipulating the jet 
and the air throttle. The jet 
is placed in the axis of a cylin¬ 
drical chamber across which the 
air flow is directed. This cham¬ 
ber is enclosed in a metal sleeve, 
and the whole has a circular air¬ 
way drilled through both sides. 
As the chamber is caused to 
rotate slightly, the air passage 
is restricted. This restriction is 
made also to affect the jet owing 
to tli© petrol passage-way up the jet being drilled a little 
eccentrically to the axis of the jet. A cap similarly drilled 
its over the jet, and as the jet-cap and the chamber rotate 
through an angle, the effective jet opening is decreased in 
the wuna pjoportiem m in the throttling of the airway. This 
is obtained by the fact that in each case it is a 
circle swing over a circle, and that both are fully opened and 
fully riuNKl, together. The ittustmtion shojvs a double sleeve, 
* VMe Par. 141. 



Fit*. 83,~laleric>r of White ud 
G»bnr«ttor. 
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j the parts of which can be set at a fixed relationship to one 
another as a means of adjustment, 
j 154. Heating Air Supply to Carburettor. —The various liquid 

■j fixols used in internal combustion engines require different 
j **xot>liods of carburation.* With light spirits like petrol it is 
I OXxly necessary to warm the air which passes over the jet, 
or -to jacket the carburettor with the warm water which 
circulates through the radiator. But with a fuel like paraffin 
ih is necessary to heat either the air or else the mixture very 
considerably. The former is sometimes done by passing the 
a.Lr through tubes heated to a high temperature by the hot 
oxhaust gases circulating around them. This hot air is then 
passed over the paraffin jet, and the paraffin is carried along 
| pstxrtly as spray and partly as vapour. This mixture is then 

( boo hot to enter the cylinder, and has to be cooled by mixture 

wibii some cold air. But even so it has to enter the cylinder 
hob ter than is customary with petrol, and a less weighty charge 
is -therefore employed which leads to something like 10 or 15 
pox* eent. less horse-power being developed. When paraffin 
is nsed the compression pressure needs to be lowered to about 
€>15 lb. per sq. in. instead of the figure of 80 lb. per sq. in., or 
more, which is usual for petrol (both gauge pressures). As was 
sharked in par. 135, paraffin is less homogeneous than petrol, 
f and there is usually some carbon deposited; the cylinders 
therefore need more frequent cleaning. The presence of this 
deposit tends to induce pre-ignition, and for that reason the 
coxnpression ratio is kept low. 

155. The Cottrell Paraffin Carburettor. —This carburettor 
is illustrated diagrammatically in Fig. 84. C is the pipe which 
receives the air and paraffin spray coming over from the jet in 
the carburettor marked H. When the fuel gets to the branch 
pipe it divides right and left to either end of the vaporizer 
1M. M is shown in section at the lower right-hand side of the 
figure. It consists of a corrugated pipe which is surrounded 
k by hot exhaust gases and conveys in its interior the air and 
paraffin mixture. This corrugated pipe has to be kept hot. 
In starting the engine cold, provision is made for working on 
potrnol for two or three minutes and then, the pipes M having 

* See Par. 141. 
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i.- 1. tT ; i.u.iii in is turned on. At B there passes a mixture 
t . , . i air md paraffin vapour. The air is much less in 
, :‘i n tr.:u would ignite, so at F an adjustable inlet is 
>iv-d to admit xn»re air until the mixture is of the correct 
j.i.ipi rtii Uj. The pimpose in not letting all this air in earlier 




View of Vapourish 
S. TubeM 


Ftcl $4.~-Cbitrt2! Famffia Carburettor. Shown, diagiummafcically. 


is that with a less proportion of air the paraffin particles get 
more effectively heated and the velocity of passage through 
the vaporizing tub© is slower. 

A variation of this arrangement has been tried for use in 
tt* tropics, whereby Mr only was passed through the star 
tubes M, then through a lagged pipe to air ordinary jet cham- 
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ber. This alternative j 

arrangement has --P \ j ^ 

worked well, but in __ 

temperate climates \ ~j~ J/ — 1 

hardly seems so effee- jlll L ^1 -^ p lL^ 

tive as the unmodified gv wJ i. _ I 

type of carburettor. //^V H 

To begin with, the \\ === ^===^ 

paraffin draws all its 

heat from the air 

which sweeps it along, 

instead of by actual J 

rushing contact with F / 

the hot vaporizer Jj§j._._ 

tubes. Further, the . — 

mixture enters the 'W \ | ~§" 

cylinder much sooner l || 

after its creation than 1 nh^ 

in the other arrange- jj ~ G — IJ 

ment, and it is evi- \\ 1 

dently advantageous h 11 

to allow time for the ; L | J LyU 4 

paraffin vapour and 

air to mix intimately l/^z zMj_ * 

with each other. A ~ t:r 

drop in horse-power , £ 

in the engine must be Ixl 
expected of 10 to 15 
per cent, compared 
with the horse-power ITT] 

obtainable when using j j 

petrol. This loss is ; |? 8 

chiefly due to the 
higher temperature of W? 

the entering charge 4 

which for a given Fig. 85.—-Thomycroft Paraffin Carburettor, 
cylinder volume natur¬ 
ally reduces the weight admitted. There is also a loss owing 
to the necessary lowering of the compression ratio and coii- 


!/^z£ k- 


Fig. 85.—Thomycroffc Paraffin Carburettor. 
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\wtiiuz of thermal efficiency. It has sometimes 
fv*n * |j tli.it this lowering of the compression is due 

* , f» 4f t f the charge being pre-ignited through the low 
*, !h j* rMiuo at which paraffin vapour and air ignite spon- 
t.u}e«tu*uy ; but the real reason is that given in the previous 
paragraph. 

FijtTf is a gain, however, in that the calorific value of paraffin 
per gallon i< about 10 per cent, higher than that for petrol; 
dk>" an advantage is found in the smaller consumption of 
lubricating oil owing to the lubricating properties of the 
paraffin itself. 

168 . The ThomwmM type of paraffin carburettor is illustrated 
ill Fig. ft;>, Its manner of working is generally similar to that 
nf the Of tic 11 but the heating surface is less in proportion. 
It ukn well in practice, and its mode of operation is as 
ft dloa* 

The oil is drawn into the vaporizer together with a certain 
amount of air by the suction of the engine ; this mixture is 
then passed through a tube which is kept dated to a fairly 
high temperature by the exhaust gases coming from the engine. 
Thi* thoroughly vaporizes and intimately mixes the vaporized 
oil and air. The mixture is then passed through a spiral 
separator, which separates any solid matter from the vapour, 
is mixed with extra air as required to form an explosive mix¬ 
ture, and then passed through the throttle to the cylinders. 
In the drawing, A is the inlet valve for both oil and air, the 
valve being under the action of spring B, which normally keeps 
the valve dosed and the oil supply C shut off ; the oil enters 
by hole* in the seating. The mixture then passes along the 
annular space EE which is kept heated to a high temperature 
by the exhaust lowing through the centre of this annular 
chamber m shown at F. The annular chamber, it will be 
noticed, is fitted with gills G to enable a maximum amo'in.t of 
heat to he supplied to the mixture. H illustrates the separator 
for removing the solid particles from the mixture, and J the 
" extra-aif ’’ inlet, under the control of the spring K. The 
tension of this spring and also of that governing the inlet of 
the mixture to the vaporizer can be varied by a screw and nut 
m ifapra* This adjustment is made when the engine is on the 
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test-bed before the brake trials. The outlet from the vaporizer 
to the motor is by pipe L. There are numbers of other paraffin 
carburettors, but the principle of operation is generally similar 
to those above described. 

157. Theory of Jet Carburettors.— If we consider a tube of 
flow in a perfect fluid of constant density, the following relation¬ 
ship will hold between the pressure drop along the tube and 
tile velocity of the fluid 

Vt’-V^Px-P, 

2q w 

where V 2 and V x are the velocities and P 2 and Pj the pressures 
at, sections 1 and 2 of the stream tube, w is the density of the 
fluid and g the acceleration due to gravity. If the fluid at 
Hoetion 1 is at rest, this equation reduces to 

V, a _ Px -P. 

2g w 

I f the fluid is a gas, w will alter with P, the form of the func¬ 
tional relationship depending on whether the flow takes place 
Jicliabatically or isothermally. For small differences in pressure, 
liowover, w can be assumed to have a constant average value. 

r rhis simple equation can be applied to the flow of air through 
the choke tube of a carburettor. The air before it enters the 
carburettor is at rest and at pressure P equal to the ordinary 
atmospheric pressure. Inside the choke tube, the pressure 
is less than atmospheric by an amount <5P. Then 

V 2 <1P 

. (1) 

2 9 w a 

where V a =velocity of air inside choke. 

w a =density of air (assumed constant). 

JNiow consider the case of a simple jet delivering petrol into the 
carburettor choke ; the pressure drop in the petrol from the 
float chamber to the jet exit will be <5P. Under the action of 
this pressure drop, the petrol will assume a velocity V p given 
by the equation 

V_JP 

2 g w p 

where wy=density 'of petrol. 


. ( 2 ) 
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Eliminating dl’ from equation (1) and (2) 


= V ff y/^ 

v ?r 1 

K, «n 


l‘u m i!i> equation it follows that 

Weight of air / w a 

trol v ^ 


Weight of petrol 


:ir/S mice h\ i- sensibly constant, the mixture ratio is pro- 
p.rth'tul in the s-quare root of the air density. This simple 
theory indicates tluit the mixture strength of a plain jet car¬ 
buretter should he constant for all engine (air) speeds pro¬ 
vided the deibitv of the air remains constant. When however 
the p in t| ^.ind* Wow the top of the jet a certain air velocity 
> ry 'More the liquid reaches the top, and until that 

wwcnt arrives no petrol mixes with the air at all. If for 
in;*:.nice the jpetrol has to rise through a vertical height h 
Wore spraying can begin, equation (2) becomes 


V 2 

JLe = 

% 


<$P 


—h 


W- 


Hence 


or 


Vp 2 -j“ 2 #&_ w a 


V* 


U' 


Ye 

V. 


v w n 


2gh 
V 2 

¥ a 


m that petrol does not flow r at all until 


v Wn 


w 

and alter that the ratio —S increases with, increase of V„. 

V„ “ 

If the value of V, be doubled, V„ 2 will be increased in the ratio 


Mid t his equals 


4 ( w «_ 2 iY)- 

4V a 0 - \w v V a */ 


*+ 


$ghv) p 


w a Y a *- 


•2ghw p 


• (5) 
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It will be interesting to get some quantitative figures for 
tHis. What, for instance, will be the ratio if &=0-04 feet (or 
is* inch) and V 0 is 5,000 ft. per minute (83-3 ft. per sec.) ? 

I?etrol has a density of about 0-72 so that 1 cu. ft. will weigh 
0 - 72 x 62-3=45 lb. Whereas 1 cu. ft. of air weighs 0-075 lb. 
a»t atmospheric tomporature and pressure. 

According, therefore, to equation (5) the square of the ratio 
of the two petrol velocities will be 

. , 6X32-2X0-04 

0-075 

~ilV a *-(04-4XO-O4) 


=4+. 


7-72 


V 2 

Y a 

mb' 


- 2-57 


'rile critical velocity is clearly 


-■“'V %jh Wv =\/ 2x32-2x0-04x600=/y/ 1550=39-3ft./sec. 
w a 

- 2,360 ft. per min. Until, therefore, the air had this velocity 
no petrol would bo carried along. If V a = 5000 the equation 
(5) becomes 

^ 11 - 6 — 2-57 ~ 9-0 


Ho that when air velocity increases from 5,000 to 10,000 ft. per 
min. the petrol velocity is 2-2 times as much and the mixture 
therefore 1*1 times as rich or 10 per cent, richer. When a 
carburettor is taken into an atmosphere of lower density (as 
when fitted to an aircraft) it will, as above indicated, show 
m rapid increase in mixture strength as the density diminishes. 
If not corrected for, this would lead to a great waste of fuel, 
mnee the excess of petrol over and above a certain propor¬ 
tion does not give an increase in power. Carburettors to 
work at altitude have therefore to be provided with some 
device for weakening the mixture progressively as the aircraft 
ascends. This device is usually hand adjusted by the pilot. 


















/iir. iN [ KKN'.VL COMBrSTIOX ENGINE [ciiap. viii 

Kv i. ,.t ifu'i. however. the mixture strength of a simple 
. r! , w; ;j nut remain constant at all air velocities 
";} iiH U. i, no lift at the jet. The simple equations 
.run r;u..i)»ly thus do not give the whole of the facts. 
1 nl cl equation (2) 

-!/ * c p 

it i- more accurate to write 


wheTo I'j b not necessarily unity, 

or \V p =£* 2 \ u'p'VbV 

n i \V w ------w i • iglit of pet rol dfeduirged per second and 

y y a complicated factor depending on (1) depression in 
chhc tube. {2) temperature (viscosity and density of fuel), 
.;)• ttf foci pa-sage (whether chamfered or sharp edged), 

4» illiiiicter .*! fuel passage D, (5) ratio of length to diameter 
t f itirl |u>-age L/D and (6) type of air flow (nature of pulsa- 
tdrnerally s| leaking, l\ is found to increase with <5P, 
IK I) 'L and tern] h* rat ure. For sharp edged orifices in thin 
plate- ly is ]»ractieally independent of temperature. The 
trou hh -ome variation of i% with <5P (especially for small 
value of dP) h brought out in the following tables showing the 
re-alt of certain tests with water on a submerged orifice 
il'i~r!Ni:i57' ? ) for two values of L/D. 

L I) -• 11 


t 

•75 

•63 

*52 

•44 


Ui» 

tr 

12* 

r 

¥ 


fC 

“95 

•93 

•87 

•83 

• -80 

'Ul» 

24" 

12" 

4* 

1" 

¥ 


For very '-mull loads, the petrol level in the jet becomes ex¬ 
tremely jin port ant, the jet only starting to deliver when this 
negative head is overcome. The extreme importance of air 
puhation on carburettor cliaracteristics is brought out in the 
follow iit# table. The same carburettor was tested first on a 
cylinder engine (very variable suck) and then on a 
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blower having a steady suck. The blower was adjusted to 
pass the same weight of air as the engine for the same throttle 
position, the engine being motored round at constant speed. 




Kn^inn I 

)ra\ving 

Bln wor 


| Wright, of 

- -.. 

..". 

— .... 

Throtlln 
'PohU i<m 

' air passing 
i par soo. 

Doproasion 
(moan) in 

Ratio 

Dopmsnion 
(moan) in lb. 


j in pm. 

lb, par 

Air/Pol rol 

per h<j. in. 



«q. in. 



I 

30 

•97 

13-4 

•07 

2 

29 

•46 

14*2 

•09 

:$ 

26 

•70 

150 

•15 

4 

20 

MO 

160 

•25 

5 

16 

1*70 

20-0 

•70 

6 

■ 1 1 

2-90 

25-0 

1-00 

7 

j 10 

4-10 

1 

| 300 

2-50 

With the 

discontinuous engine 

suck,the 

instantane 


Ituf'io 

Air/ Petrol 


1 HO 
18-5 
190 
MK5 
20-0 
24-0 
300 


tics in the choke tube are much greater than in the case of the 
steady blower suck. During the delivery period in the engine, 
therefore, the jet works with a greater k 2 value than on the 
blower. Moreover, the inertia of the fuel will cause a flow of 
petrol even after the inlet valve of the engine has shut. For 
both reasons, therefore, the mixture strength in the engine is 
greater. The inertia effects are especially noticeable when an 
engine is accelerating quickly by a sudden opening of the 
throttle; the fuel then tends to lag behind and there is a 
danger of the engine failing owing to the mixture becoming too 
weak. 

158* Ignition.— The oldest form of ignition was to ignite the 
explosive mixture by a naked flame, which was put into com¬ 
munication with the cylinder through the medium of a sort of 
slide valve. Those interested in the history of the subject 
will find a full account in Dugald Clerk’s book. 

A later and more successful form was Tub© ignition, which 
consisted in having a short vertical tube, in communication 
with the cylinder end, heated externally by some means. 
After the engine had been running a short while the lamp could 
bo removed (or the gas jet turned out) and the heat of explosion 
was enough to keep the temperature up to the requisite point. 
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1? i& ilh^i,\tvd in Fig, SO. The explosive charge was com- 
Id by i he inward movement of the piston, and a part of 
i* into the ignition tube, the temperature of which 

niM'ci the temperature of the gas to the ignition point. This 
Hpe id ignition was very largely used for gas engines, but it 
i< now universally displaced by some form of electric ignition. 
It wa* also the first method employed on motor cars, for 
« hi- h use it was found to be unsuitable. It is still in use 
m h "inne oil engines. 

Another method of ignition often used with oil engines is to 
feed the furl into a hot combustion chamber connected to the 
cylinder. This method has already been described in par. 
14ti, It works well, and even residual oils can be vaporized 
and ignited in this way. The method employed on the Diesel 
engine is of this type. 

1S0* Tim chief method of ignition is the electric, and it bids 


£ / Shield _ 


Gas 


'"***f ¥miw» y 



ignition tube (Clay) 
Asbestos Mi 11 board Liner 

Gas Burner 

To Cylindet 


Fie, 80. —Ignition Tube and Timing Valve. 


fair to supersede all the others for gas and petrol engines, 
ii often used in oil engines. 

Electric ignition can be carried out by either ( 1 ) high, 
teaskm currents or (2) low-tension currents. 

The high-tension currents may be obtained in one of three 
. * lther y > or cells furnishing c^ent to an 

h l l a r n ma ^ to ^ctric machine 
(caUed magnet for short) furnishing currents to an indue- 
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tion coil, or (3) by a magneto furnishing high-tension currents 
direct to the sparking plug. The low-tension currents are pro¬ 
duced from a low-tension magneto. There are therefore many 
varieties of electric ignition and they may conveniently be set 
out thus— 

Electric Ignition 


High tension 

, i 



Low tension 
| 

i 

Batteries or cells 

1 

Magneto with 

1 

High-tension 

1 

Low-tension 

with induction 

induction coil 

magneto 

magneto 

coil 

i 

(3) 

(4) 

( 5 ) 


Coils fitted with Coils fitted with 

tremblers fixed “ make-and-break ” 
(1) (2) 


The oldest is (1) and it is still seen fitted to some petrol 
engines, although (2) is more common; (3) is relatively rare 
but was seen in the early Eisemann system; (5) is common 
practice for engines whose speed is below 300r.p.m. Method 
(4) is growing in popularity, and it has the advantage of 
being simpler to apply to the engine than (5). 

Before describing methods (1), (2) or (3) it will be necessary 
to say something about the induction coil. To those versed 
in electrical matters it is enough to describe it as a transformer 
having a straight iron core and a high ratio of transformation. 

160. Induction Coil.—The induction coil consists of a soft 
iron core generally consisting of a bundle of straight iron wires, 
and on it is wrapped a layer or two of thick insulated copper 
conducting wire of the primary—or low-tension—circuit. 
Over this are wound many thousand turns of fine insulated 
copper wire constituting the secondary—or high-tension— 
circuit. About 4 volts are applied to the primary circuit and 
the current repeatedly broken and remade by means of the 
magnetism of the iron core attracting a small piece of iron 
mounted on a spring which carries the current. As the spring 
is attracted inwards it loses contact with a platinum point 
and so breaks the current. (To make the break the more 
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^aliltii i? i- uuul to put a condenser in parallel in the circuit.) 
T;.., -’icL ji-i’ and fall of current in the primary causes 
, ay >'anvnt> in the secondary of a voltage which is 

a. -hr tli 11) that in the primary in the ratio of the number of 
. if a ir in *me to the number in the other. Owing to the 
eif. , f *.f the magnetism in the iron core the current in the 
pr .,*.,:y du- imt rKe suddenly to its full value. It follows 
j;; f.t.t the law 


m her© 

I — current in amperes. 

V ™ voltage in volts. 

II --- re>M«uiee in ohms. 

L - ^if-iticiiietion in henries. 
t - tune in seconds. 

€ ’use of Xaperian logarithms or 2*7183. 

The urit id h If-induction is the henry. If S be the rate at 
> ’ . h the » urn nt changes in amperes per second, the back 
. is t M'ottiotive force produced = L X S. One henry is also 
it lieu! to or the self-induction of a coil in which, if the current 
ioiu at the rate of one ampere per second, the back E.M.F, 
pivdmrd i* exactly one volt. 

Ah an illustration of the effect of the above law of rise of the 
c unvrt take the ease of a coil in which R = 500; L = 5*5 
v *. Then the final and steady value of the 

50 000 

current is clearly —or 100 amperes. This current grows 

vOU ° 

4* ^ imi and it is of interest to calculate how long it will 
hv befou On cjnptves is the current flowing. 

90==1 (H)^l 

m l—0-9=0-10 

so that /—about second. 

The current therefore rises by no means instantaneously 
and f hi* hmh to the u make ” of the primary current, pro- 
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ciucing a much less vigorous spark in the secondary than does 
t>he ctf break. 5 ’ The break is almost instantaneous ; the only 
■thing that tends to prevent it being so, is the energy of rush 
of the primary current which jumps over the gap in its earlier 
stages. The energy stored up in the flowing current is equal 
■to *JLI 2 , and it is to provide a convenient swamp to absorb 
"this suddenly released energy that the condenser is provided. 

161. High-Ten¬ 
sion Coil Ignition. 

—-The induction 
coil is supplied 
with a low-ten¬ 
sion current ob¬ 
tained from either 
batteries, accumu¬ 
lator cells or a 
suitable magneto. 

In any ease the 
principle of work¬ 
ing is the same. 

The spark gap (see 
Fig. 90) is placed 
in the cylinder as 
shown in Figs. 87, 

88, 89, and 91. A 
rotating contact 
kept at a speed 
proportional to 
that of the engine 
and called a dis¬ 
tributor distri¬ 
butes the current 
to each cylinder just as it is needed. What happens therefore 
is this. The trembling blade on the coil—called the trembler 
—vibrates very rapidly and produces a shower of sparks in 
the secondary (one spark corresponding to each break of cur¬ 
rent in the primary). During each contact about a dozen 
sparks or more may pass. One good spark would be enough 
and therefore a modification of this method is sometimes em- 



Fig. 87.—Diagram showing mode of working of 
high-tension ignition with coil and accumu¬ 
lator. A, Accumulator. B, Induction coil. 
C\ Contact breaker. 1), Trembler. B t Com¬ 
mutator on end of cam shaft, for closing 
circuit at right moment by bringing metal seg¬ 
ment F against the brush G. H, Condenser, 
to make break of current sudden. I, Igni¬ 
tion plug in cylinder. The other end of the 
secondary winding is earthed. 
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. , • j..p, ,,5 n ,.,)jl,k-r actuated by the magnetism of 

. • ; '!,( . oil. the current in the primary circuit is 



f, * .. Cr,d ,rd mmdatrr Ignition, for a four-cylinder engine, with 

?, r cadi r\Lialin A, Accumulator. B , Coils each with 
,, , , *t T'l c'ntact maker. E, Commutator for distributing 

<- t * t m: r, iimlers at the right moment. J, sparking plugs. 

r>\hU* .mJ rrnkf { n by the action of the engine. A mechanical 

v r ,ip 1 n titled to the half-speed shaft of the engine 



#^t *' - Fd* ^nuivcin^nt shown in Fig. 97, except that one trembler 
mvvrm all the coils. Tills saves having to adjust each trembler until 
mil mm working it mm® frequency. O m the common contact maker, 
mm *V mm switches for cutting out coils when necessary. 

so a# to pjwime one spark only in the cylinder. It is possible 
to ring the i hanges ou this form of ignition so as to produce a 
great many varieties, although the differences between them 
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are hardly fundamental. Illus¬ 
trations, reproduced from Mr. 
Strickland’s useful book, are 
shown of several such methods 
(see 87, 88, 89, and 91), and the 
letterpress at the foot of each 
will suffice to show their differ¬ 
ences. 

162. The Lodge (Sir Oliver 
Lodge) system of ignition is just 
the ordinary coil and accumulator 
ignition in which the high-tension 
current instead of being passed 
direct to the sparking plugs is 
made to charge up the inner 
coatings of two Leyden jars. 
When the jars are “full” an 
external spark gap placed in 
parallel with the jars breaks 
down and a spark passes. This 
sudden release of the electric 



Fig. 90. —High Tension Spark¬ 
ing Plug. A, Metal; Rod ; 
23, Porcelain Insulating 
Sleeve ; O, Gland ; D, Body 
of Plug screwing into cylin¬ 
der; E, Sparking Points ; 
F 9 Electric Wires from 
H.T. Magneto or Coil. 


charges on the inner coats of the Leyden jar causes such a 
rash of current from the outer coating of one Leyden jar to 

the other, and such a 



violent oscillation to and 
fro of the current after¬ 
wards that nothing will 
stand in its path. It 
breaks through oil films, 
soot, deposit of all kinds, 
water or anything else 
that there may be on 
the ignition points ; ow¬ 
ing to its high frequency 


Fig. 91. —The arrangement of Figs. 88 it also tends to take 

and 89, except that the secondary straight direct Courses, 
current is distributed directly, so 1 ° _ . .. . 

enabling only one coil to be used for and there IS little dlS- 

all four cylinders. The disadvan- position On its part to 

tage is that the insulation is more . 

difficult to ensure. seek any short circuit 
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,4 a !,»j!uuu> kiwi whirl! may happen to be in exist- 

met* 

Fi? 9 l* 4m\\> diagraniinatieally the arrangements of the 

high-tension circuit. The 
low-tension circuit is of the 
customary form, except that 
the trembler shown in Fig. 
93 is of an extra sensitive 
form. The distributor is 
placed in the high-tension 
circuit. The makers of this 
ignition system claim that 
owing to the adjustments 
made no possible error in 
the time of firing can arise 
which exceeds ^^ th part 
of a second. Also that in 
virtue of the nature of the 
spark the system is par¬ 
ticularly suitable for use 
when the fuel used is one of 
the heavier brands of petrol, 
or paraffin or other heavy 
oil which may cause carbon¬ 
aceous deposit on the ignition plugs. 

1BJL Magneto ignition may be either high tension or low 
tint-ion. Xo coil is used and no batteries or cells are wanted. 
The 1 o w -1 e n s i o n 
method proceeds on the 
principle that when a 
current is flowing it 
has energy of motion 
equal to |LI 2 (analog¬ 
ous to kinetic energy, 

§f«? 2 h and that if L, 
the self-induction, is 
mad# very great and I, the current, as great as con- 
e «fgy stored up is so considerable that a 
w fat f spark Is caused to occur when the 


Set Screw 


Brass Bridge^ 
Brass Blade 

» i 

H 

| LockingScrew 
■C* Hammer 

- n~ 


'mi l | 

f 

/ f 

\ 1 

Ptmttiwm Points s 

* ( ^ iron Core 

Rubber Slop 

Fig. 93.—Lodge Sensitive Trembler. 



Fii*2 — Tin 1 LidIgnition System. 

ihj^Taiii t,-f ITT. circuits. 
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circuit is suddenly broken. A low-tension magneto, or 
electric generator, is designed so as to cause such a current to 
be passing at the moment when ignition is desired to occur 
and, at the same instant, the circuit is mechanically broken 
in the cylinder and a spark passes. Fig. 94 shows diagram- 
matically the wiring for this system and the sparking plug 
used. A larger view of such a plug is seen in Fig. 95. A 
disadvantage of this system is the introduction of moving 



Fig. 94.—Low - Tension 
Magneto Ignition. X 
and Y , magneto 
machine shown dia- 
grammatic ally. A, 
Spark plug. G, Contact 
point where circuit is 
closed and broken. B, 
Lever worked by rod 
running on cam E. E, 
Cam on half-time shaft. 
At the moment when 
the magneto is passing 
its maximum current 


tappets into the cylinder, and the 
necessary provision of means for 
operating them from outside. 

164. The High-Tension Magneto.— 
In this machine the current is generated 
by a shuttle armature which rotates 
between the poles of strong steel mag¬ 
nets. The rotation of this armature 
in the strong magnetic field results in 
the induction in its winding of an 
electrical current which is utilized 
for the purpose of ignition. The 
armature is wound in two parts, of 
which one is a primary winding, 
consisting of a few turns of heavy 
wire, and the other a secondary wind- 



around the circuit, the Fig. 95. —Typical Low-Tension Magneto 
cam causes the circuit Spark Plug. It will be noticed that this 

to be broken at G , so system of ignition requires moving con- 

producing a spark at tacts in the cylinder, which the bigh- 

that point. tension system does not. 






r . s j ] { v IMVAtXAh roMBUSTIOX EXG1XE [chap, yiii 


1!;;, ,,:hii of many turns of fine wire. The effect is 
i l.izh-UAKvn current is given off by the armature. 



as the design practically 

amounts to the inclusion in 

the armature of the windings 
of an induction coil. An 
outside view of this magneto 
is shown in Fig. 96, and its 
manner of working is shown 
in Fig. 97. 

This system has the advan¬ 
tage that no moving parts 
need to be introduced into 




—Outside \ iew of Bosch H.T. 
Magneto. (A low-tension mag- 

r,tic m of generally similar 

shape.) 


rent which may be produced 
m this gap m , of course, of no 
valve or bye-pass. 


the cylinder in order to pro¬ 
duce a spark. The voltage 
is so high that a “ safety 
valve ” spark-gap is usually 
fitted in parallel near the 
magneto in order to allow 
any unduly high voltage cin¬ 
to pass across it. The spark 
use except to act as a safety 
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165. Dual Ignition.—In a later form of high-tension magneto 
ignition, an accumulator and coil is added. The coil does its 
own making-and-breaking, but the distributor and the sparking 
plugs are common to both systems. In normal running the 
magneto is switched on; but when starting the Coil is used. 
It is easy to tell which is in use, as the coil makes a buzzing 
noise. This system has become popular since the accuracy 
of manufacture of petrol engines has risen to such a high pitch. 
The fit of the piston, piston rings and valves is now so good 
that any compressed gas there may be in the engine on stop¬ 
ping will stay compressed for some hours and in most cases 
the engine will start from rest by merely switching on the 
coil ignition, so saving the labour of turning tho engine round 
by tho starting handle. This system was specially adapted for 
the petrol engines used on motor cars, but is giving place to 
the self-starter motor. 

For gas engines, large or small, tho ordinary high-tension or 
low-tension magneto is employed. Sometimes the ignition 
occurs at one fixed point in the stroke and sometimes it can 
be varied by hand or by the action of a governor. Some 
engines have two high-tension plugs in series so as to ignite 
the gas from more than one point and so produce a more rapid 
explosion. Tho ignition plug should never bo put at the end 
of a recess or else a pressure wave may be produced which 
will cause detonation and possibly break the cylinder bolts 
and so lead to a bad accident. 

166. Timing of Ignition.—One of the most careful adjust¬ 
ments of the ignition is its timing. That is to say, the regu¬ 
lation of the moment of sparking in the cylinder. If tho spark 
is late the piston will have moved part of its outward journey, 
with the consequence that the effective working stroke is 
lessened and the mean pressure is lower than it need be. If 
the spark is too early, so that the gases are still being com¬ 
pressed when the spark comes, there is a knock in the 
cylinder when the explosion occurs. Normally the spark 
should occur just as the piston is at the top of its stroke, 
although since ignition takes a fraction of a second to spread 
throughout the mass of the gas it is necessary when the engine 
is running fast to Time the spark to occur a little before the 
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M \ , t mie so that maximum pressure is reached when the 
pMoh h just beginning its stroke. Engine speed is, how¬ 
ever. j;ut the only consideration affecting the timing; when 
mmim* with weak mixtures the ignition takes longer than 
sith ridi mixtures so that to use a weak mixture it is necessary 
I* > ■ advance " the spark, i.e. make it occur earlier. It follows, 
therefore, that in the ordinary running of a car the ignition 
require* as Hindi attention as the throttle, if the engine is 
to voak at highest efficiency. An additional complication 
htm’s when coils having tremblers are used with batteries 
or telo. as the >peed of * 4 trembling ,s being naturally in¬ 
ch [jc indent of the speed of the engine, it follows that at high 
engine speed* the sparking in the cylinder is apt to be 
somewhat erratic, sometimes coming early and sometimes 
late. 

In a paper read by W. Watson before the Royal Automobile 
flu!) an interesting account was given of certain experiments 
undertaken to ascertain the character of the spark in relation 
to power. The engine used was a two-cylinder one, 3*5 in. 
\ 4 in,, with mechanically operated valves. The sparking 
plug was screwed into the cap used to close the hole over 
the inlet valve, the spark points being well inside a recess in 
till* cap. The whole of the experiments were made on one 
cylinder only, the other being operated with a trembler coil 
and battery. The speed was 950/1,000 revolutions per 
minute. It has often been claimed that a “ fat 55 spark 
improves the running, and that this was due either to quicker 
ignition of the charge or to more regular firing. Experiments 
w ith a trembler coil showed that although the weakening of the 
current was found to reduce the mean pressure, yet this could 
lit? brought back to its original value by advancing the spark. 
The result of this series of experiments was to lead Watson 
to the following conclusions— 

1. As far as a petrol engine of the type used is concerned, the 
character of the spark which ignites the charge has no appre¬ 
ciable influence on the power developed. 

I. 1% ith a trembler coil the time at which the spark occurs is 
laM© to vary greatly, and on this account the power developed 
may be considerably reduced. 


# 
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3. The variation in the time of firing obtained with trembler 
coils is different for different coils, and hence a multi-cylinder 
engine in which a separate coil is used for each cylinder is 
unlikely to develop its maximum power, particularly at high 
speeds ; the reason being that although the tremblers of the 
coils may possibly be adjusted, for some particular voltage, so 
that each cylinder fires at the same point of the stroke, yet 
this adjustment will no longer be true if the voltage of the 
battery alters, particularly if it falls much below the value 
for which the tremblers were adjusted. 

4. When a single coil is used in combination with a high- 
tension distributor, it is of very great importance that the 
current in the primary should never be allowed to fall to a 
value near the critical value for the particular coil. In this 
connexion it may be mentioned that, in Watson’s experi¬ 
ence, when the trembler is so adjusted for any given voltage 
of the battery, i.e. for a given current, that the note produced 
is very clear and “ pure,” then a very slight decrease in current, 
due to a small fall in the voltage of the battery, will cause the 
timing to be defective, owing to the region of the critical 
current being approached. Hence, with the normal current 
passing—-i.e. with the battery fully charged—it is advisable 
to adjust the trembler so as to give a somewhat harsh and 
shrill sound, for then the current may b # e considerably reduced 
before the critical value is reached. 

5. When selecting a coil, regularity in the working of the 
trembler for considerable variation in the current passing 
in the primary is of more importance than length or fatness 
of spark. Further, a coil taking a small current is to be 
preferred to one taking a large current, since trouble with 
the adjustment of the trembler blade will be decreased, owing 
to the reduced sparking at the platinum points with a small 
current. 

6. Except for the fact that the engine cannot be started on 
the switch, the plain coil with a rapid break on the two-to-one 
shaft seems preferable to a trembler coil, since over a very 
large range of current—in fact, whenever the current is large 
enough to cause the passage of a spark in the cylinder—the 
timing is exactly the same. The advantage of the trembler 
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rii 4,» v ,vt uu‘ 1 bv ii'inn a switch, so that after the engine 
j* o ti.,. TronhliT can be cut out, allowing the coil to 
»,* . 1 . 1 ,’iir. coil, a second condenser being provided. 

The two dia¬ 
grams shown in 
Fig. 98 , obtained 
by Watson, illus¬ 
trate the advan¬ 
tage, so far as 
economy is con¬ 
cerned, of advanc¬ 
ing the spark more 
than usual when 
employing a very 
weak mixture — 
that is, when driv¬ 
ing with the extra 
air valve as far 
open as possible. 
The lower figure is 
that obtained when 
the spark is as 
much advanced a> is advisable when using a full mixture. In 
the upper figure the" spark has been considerably further 
advanced, ho a* tu alow for the slow burning of a weak mix- 
turn, and as a result the I.H.P. showed an increase of nearly 
17 jrr vent., the consumption of petrol remaining the same. 

166a. Marine Oil Engines .—A large number of ocean-going 
ships now equipped with internal combustion engines using 
oil find. Most of these engines work on the Diesel principle. 
Since more than 90 j>er cent, of ships afloat have machinery 
of Itw than 5,500 I.H.P., the application of the internal com¬ 
bustion engine is not hindered by the need for very large 
powers, For example, the c£ Bibby ” liner Somersetshire , of 
12,W*0 tons, and designed for 11 knots, has a total power of 
4 , Mm I.H.P.* divided lietween two 6-cylinder engines—740 
mm. diameter mid 1,150 mm. stroke. 

tine thousand H.P, per cylinder has been obtained from a 
Vickers iiiifte-eylsder two-stroke engine of 30 ins. diameter 



Fig,, 98, — Indicator Cards obtained by 

Watson. 
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a/nd 36 ins. stroke. This on test # gave 1,042 B.H.P. at 141 
r’.p.m. It was of the Diesel crosshead type and the fuel 
consumption was given as 0*40 lb. per B.H.P, hour. 

Apart from any special effort such as this the H.P. per 
cylinder has risen f from the year 1912, when it was 100 B.H.P., 
t>o over 300 B.H.P. 


EXAMPLES 

1. An oil engine uses 0*8 lb. of kerosene per actual H.P.-hour; one 

p>ound of kerosene gives out 12,000 C.H.U. in combustion. What is 
title efficiency of the engine ? [B. of E., 1911.] 

2. In the test of an oil engine the analysis of tlio exhaust gases by 
volume gave i C0 2 =6*8 per cent. ; Q=ll-1 per cent. ; N=82-l 
■per cent. The oil analysis was H=15 per cent.; 0=85 per cent. 
lETind the oxcess air and the total mass of products per lb. of oil. 

3. What weight of 0 is required for the complete combustion of 46 
grams of alcohol (C 2 H e O) ? What weight of C0 2 will bo formed, and 
what weight of water ? 

4. Tlio following data are taken from tho test of an oil engine i— 

I.H.P. = 65. 

Oil used per hour—45 lb. 

Calorific value of oil=19,500 B.Th.U.’s per lb. 

lb. of air per lb. of oil 70. 

Jacket cooling water in lb. per min.=08. 

Temperature of cooling water, inlet=62° F. 

Temperature of cooling water, outlot=138° F. 

Temperature of exhaust gases=436° F. 

Temperature of engine room=70° F. 

Specific heat of exhaust gases=0-24. 

X>raw up a table showing, as percentages, how tho total heat of eom- 
Ibirstion is distributed. 

6. In one pound of petrol there is 0*848 lb. of carbon and 0*104 lb. of 
Hydrogen. What is the calorific value of petrol per lb. given that the 
calorific value of carbon is 8,130 C.H.U, per lb. and of H 29,100 C.H.TL 
per lb ? What weight of 0 is required for complete combustion of 1 lb. 
of petrol ? [B. of E., 1910.] 

6. The area of a petrol engine diagram (using the planimetor which 
siafbtracts and adds properly) is 4*12 sq. inches, and its length (parallel 
to the atmospheric line) is 3*85 in .; what is the average breadth of the 
figure ? If 1 in. pressure represents 70 lb. per sq. inch, what is the 
moan effective pressure ? The piston is 3*5 in. in diameter with a 


* J. Mcljechnie at I.C.E., July, 1921. 
t J. Richardson at I.C.E., July, 1921. 

x 
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^ „ k ' \'i 4 in. Wffii! k the work done in one cycle ? If there are 800 
», . 3; *, wli.it is the horse-power t 

working on the Otto cycle has a cylinder 4 in. 
ua’n't^r Mi.l length i,i stroke is 4 in. The compression space is } 
v * Winning the brake thermal efficiency .to be 20 per cent., 

j *«,- maximum | *uvver which the engine could give, running at 1,000 
r .p.nn if At iYe end of each suction stroke the whole cylinder were filled 
m;?li an expffirlve mixture of petrol vapour and air, having a mean 
affiiffic value of <57 C.H.U. per cu. ft. 

R, A 4-4 yhficiiT petrol motor develops 60 B.H.P. at 1,500 r.p.m. 
\\ ig f nicun turning effect exerted on the crank shaft ? and what 
he the ratio of the'gearing between the engine and the driving 
*vV\ that the ear speed is 40 m.p.h. ? Assuming that the internal 
ef the ear machinery is 20 per cent, of the power developed, 
wtuit ^ the total external resistance against which the car is driven ? 
Diameter of the rear road wheels is 32 ins. [B. of E., 1913.] 

l:i a J'Ht >el engine the compression ratio is 15*3 and the expansion 
ratio 7 r>. The in.dk at or cards give a nett I.H.P. of 201 and the oil 
i 1 , il*i is?option was 1)7 lb. per hour, of calorific value 19,300 B.Th.U. per 
lb, Vdl *ulate the ratio of the actual thermal efficiency to the thermal 
c*fficlcn> y of an ideal engine, receiving heat at constant pressure and 
r i'h« ting it at constant volume, the compression and expansion being 
adnh&trc and y = T4.* 

]<t, In a motor cycle of 3 I.H.P. the mass of petrol used during a 
4 Lurv run at full speed is 8 lb. The highest temperature in the 
i rmine cylinder k 2,000" F. and air is drawn in at 60° F. Find the 
tiunmil efficiency and compare it with that theoretically possible. 
The eul ritie value of petrol is 18,600 B.Th.U. per lb. 

1L The Gnmm petrol engine develops 50 B.H.P. at 1,200 r.p.m. 
There are 7 cylinders each of bore 110 mm. The stroke is 120 mm. 
and each cylinder fires one© in two revolutions. Find the average 
brake moan pressure fijP). 

12* Air flows through an orifice from a reservoir in which the pres¬ 
sure k P lb. per sq. foot, and temperature T into a region of lower 
pressure, heat being neither received nor rejected during the operation. 
Obtain an expression for the maximum discharge in lb. per sec. in 
terms of P f T, the effective area of the orifice and the ratio of the 
specific beats. [Mech. Sc. Tripos, 1904.] 


♦ Cf. Ex. 32, on p. 45. 



CHAPTER IX 


Petrol Engine Efficiency and Rating 

E >'FicrENOY Tests under Various Conditions— Brnor ox Cxxin- 
der Dimensions on Powe a and Ek-fiuienoy—Operation or 
Two Stroke Enoine—C owrosiT.ON or Exhaust Caski as 
related TO Efficiency—Motor Vehicle Te -its—Ricardo 
Laboratory—Eosj or Power in Aeiio Engine a at Altitude. 


167. Efficiency Tests on Petrol Motors. —Some of the most 
searching tests that have been carried out on petrol motors 
have been those undertaken in tho Engineering Laboratory at 
Cambridge under Professor Hopkinson. 

In one set of such tests * tho engine used was a 16/20 H.F. 
Daimler four-cylinder engine capable of running at 260 to 
1,400 revs, per min. Other particulars wore— 

Total volume of one cylindor with 

piston on out centre . . 0-04 cu. ft. 

Volume of compression space . 0-0104 cu. ft. 

Compression ratio . . . 3-86 

Diameter of cylinder . . 3-56 inches = 90 mm. 

Length of stroke . . . 6-11 inches = 130 mm. 

The indicator used was a reflecting one of the piston type. 

The tests involved three sets of measurements—(1) engine 
losses, (2) B.H.P., and (3) fuel consumption. From (1) and 
(2) the I.H.P. could be obtained, and therefore the mechanical 
efficiency. The tests were run with the carburettor as fitted 
by the engine builders, and it must not therefore be taken that 
the engine was of necessity adjusted to give maximum power 
or efficiency. 

• Engineering, February 8, 1907. 
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The result> of the tests are shown in Fig. 99 in which curves 
are chvn for the I.H.ik, the mean effective pressure 

and the torque on the crankshaft. The mechanical efficiency 
varied from 85 to 75 per cent.-— falling slowly as the speed 
exceeded 600 revs, per min. The petrol used had a thermal 
efficiency on the lower scale of 17,000 B.Th.U. per lb., and 
on this basis the following table of thermal efficiencies was 
calculated— 


Speed 

j Petrol Consumption (Pounds) 

Thermal Efficiency 

Bun*?. fWT 

F< r T.H.P. 

| Per B.H.P. 

Per 1,000 

On 

On 

MiZiat© 

Hour 

| Hour 

j Revs. 

X.H.P. 

B.H.P. 

4m 

0 7S 

! 0-9 

1 i 

| 0-30 

18*6 

16-1 

400 

0*75 

! 0-87 

? 0*28 

19*3 

16-6 

600 

1 0-685 

; e-si 

0-26 

21 

17-9 

600 

0-655 

0-77 

0*24 

22 

18-8 

800 

-. 

— 

0*24 

— 

— 

14)00 

: 0*6 : 

0*75 

022 

24*2 

19*3 

1,000 

: 0*6! 

0*75 . 

0*206 

24-2 

19-3 

!,!» 

‘ o>s§ ! 

0-785 

0*202 

24-6 

18-4 

1,225 

: (0-65) ! 

0-94 

0*22 

(22-3) 

15-4 


Note.— At speeds 400, 600, and 1,000, two tests are given to show 
the range of variation. At 1,225 the indicated horse-power is -uncer¬ 
tain, m no direct measurement of loss was made at that speed. 

The thermal efficiency rose considerably with increase of 
speed—due no doubt in part to there being less time for the 
explosive mixture to cool, but in view of the variability of the 
composition of mixture passed by the carburettor (of the usual 
jet type) it is not safe to build too much on these measurements. 
An interesting measurement in addition to the above was that 
of the pressure in the induction pipe. With the throttle wide 
open and a speed of 1,000 r.p.m. this pressure was about 1J 
lh./in. s below atmospheric pressure. With the speed reduced 
to 400 r,p.m. this pressure was less than f lb ./in. 2 below atmo¬ 
sphere, The mean effective pressure (P) in the cylinder was 
at its matimum value of SB lb. per sq. inch when the speed 
was @00 r.p.m.; at this point the mechanical efficiency (rj) 
wm Bf per cent,, so that the product rjP was 75.* The expres- 

♦mi Is not much than half of that obtainable with a modem 

aaro ta^n*» - - 


k 
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sion rjP is in very common use in estimating the performance 
of petrol engines, and it is called the brake-mean-pressure. It 
is used in preference to P, the indicated moan effective pressure, 
because indicator diagrams of these engines are seldom taken 
(see Ch. V). With more modern engines than the Daimler engine 



Fig. 99.—Professor Hopkinson's 1907 tests on 10/20 H.P. Daimler 

Engine. 


on which the above tests were made the value of rjlB would 
usually be much higher. 

167a. Brake Mean Pressures— A. H. Gibson has shown* 
that there is an easily ascertained maximum value for the 
mean pressure obtainable in a petrol engine. Taking the net 
calorific value of petrol as 18,000 B.Th.U. per lb., and the 
calorific value per lb. of mixture having the ideal quantity of 
oxygen for combustion (15-3 lb. of air per lb. of petrol) as 

** Royal Aeronautical Soc- Trans,, No. 3. 


Pounds per Square Inch. 
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1,l«/o B.Th.U., Iv u» uiiees the net calorific value of the 
mix! me j> r ’ . f\ n.t.p.) to be 93-5 B.Th.U. Assuming 
a full <i f ' tins mixture at n.t.p. to be taken into 

the cylinder rood completely burned, the energy developed 
in a cylinder Laving a thermal efficiency rj would be 93*5 77 
B.Th.U. per ni. ft., and the corresponding value of y P would be 

?££lli?Xij=505 77 lb. per sq. in. 


This Gibbon gives as the maximum possible rjV which could be 
developed in a perfect cylinder under the conditions given. Its 
values for different values of r are given by him as follows :— 


r j 

i 

4-0 j 

4*5 

5*0 

5-5 

6-0 

Air St an Jar J i . . . . ' 

1 -431 1 

•459 

•480 

•501 

•519 

lias Stai.j]. 

"364 j 

•386 

*403: 

•420 

•433 

Cas Standard . *9 t»» allow 
lor mechanised etfvivia v. 

•328 

•348 

-364 

•378 

•390 

Max. possible 

165*5 | 

j 

176-0 

184*0 

191-0 

197-0 


The>e assume a volumetric efficiency of 100 per cent. 

Gibbon quotes the figure of 138*2 as the highest achieved 
value of fjP of which lie has knowledge. It was achieved with 
5|X5 ins. aluminium air cooled cylinder with a compression 

ratio of 5*3. 

In the Ricardo Laboratory tests, however, some of which 
are summarized in the tables attached to par. 179, very high 
values of i,P were sometimes observed. Thus in column 6 
of the second of the above tables figures are given for the 
observed maximum indicated mean effective pressures using 
various fuels and working on the highest compression ratios 
suited to each. As will be seen the figures range from 123 to 
105 5 lb. per square inch, so that with moderate mechanical 
efficiencies, the figure given by Gibson as the highest value of 
f|P of which he had knowledge would be at least equalled, 
if not exceeded. 

168 . The Effect of Cylinder ©mansions on Power and Effi- 
—Many attempts* have been made to produce a work- 

• JJkJB., imi and 1911. ' 
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ing theory of the effect of cylinder dimensions, particularly 
cylinder diameters, on the economy and power of internal 
combustion engines. Most of them have owed their origin to 
the competitive trials of motor cars in which the various vehi¬ 
cles are classed according to horse-power, and which therefore 
require that the figures given should be properly comparable. 
For large internal combustion engines the existence of such rules 
is not of vital importance, since the comparison of one engine 
and another depends upon so many other factors, and, more¬ 
over, organized competitions arc unknown. 

The first attempt to deal with this matter on a scientific 
basis is due to Professor Callendar, who read a paper before 
the Institution of Automobile Engineers on “The Effect of 
Size on the Thermal Efficiency of Motors.” Cylinders as 
large as 14 inches were considered which, although common 
in gas engine practice, were well outside the range of motor 
car cylinders. This made the paper the more valuable in the 
general sense, although from the strictly motor car point of 
view advantage would have been gained had the theory been 
based entirely upon engine trials with cylinders nearer the 
customary motor car size. As it was, however, the paper 
presented a general theory not only applicable to motor cars 
but to larger engines also. 

It is well known that the “ air standard ” of efficiency is 
higher than the efficiencies obtained in practice, and that the 
ratio of the latter to the former is commonly about 60 per cent. 
This means a deficit of 40 per cent, owing to some cause or 
other. What is this cause % The answer is, first, that the 
“ air standard ” of efficiency is a far higher one than any actual 
engine can ever achieve, owing to the fact that whereas the 
value of y assumed in the “ air standard ” equation is 1-40, its 
average value for the actual cylinder gases at working tem¬ 
peratures, taking the increase of specific heat into account, 
would be more nearly 1*3. 8,6 This alone accounts for about 20 
per cent, of the 40 per cent, apparently lost, and the remaining 
20 per cent, is due to various heat losses such as jacket loss, 
radiation loss, etc. In general, therefore, it would appear 


* See par. 06. 
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that the 40 per cent, loss is divided about equally between the 
two, t hough in Professor Calendar’s view it would be more correct 
to put the unavoidable apparent loss due to the properties of the 
gases down as 25 per cent., and the remaining 15 per cent, to 
the loss of efficiency owing to heat losses during the operations 
of the cycle. It is clear that, as the volume of gas in a cylinder 
will fee proportional to the cube of the dimensions, and the 
surface of the cooling walls proportional only to the square of 
the dimensions, doubling the size of an engine wil halve the 
heat losses due to surface cooling. The fact that the larger 
engine wil probably not run at so high a speed has little effect 
on this conclusion, as although the time the gases will have to 
cool will increase with diminishing speed, yet the diminished 
speed will lead to diminished scrubbing of the cylinder walls 
by the molecules of the gases, and so leave matters much where 
they were. It may therefore be estimated that the loss of 

efficiency due to surface cooling will be oc i where D is the 

cylinder diameter. Some losses, however, such as the radiation 
loss, do not follow this law of dimensions, though what law they 
do follow it is not yet known. Still, one of the most important 

losses has been shown to be proportional to , and as an 

attempt at a working theory, there is no harm in grouping the 


losses together and putting them proportional to —. This is 


what Professor Calendar does with several sets of engine trials. 
One set is based on Ms own experiments on an engine with a 
cylinder diameter of 2*36 inches, and the others are drawn from 
the Report of a Committee of the Institution of Civil Engineers. 
Prom the combined results on all four engines as given below, 
h© finds that the value of the constant a to he put in the 
expression— 


loss of efficiency = 


a 

D 


actually as 1*0 when D is measured in inches. So 

that loss of effieieney = JL # 

D 
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Designation of engine 

C 

L 

R 

X 

Diameter of cylinder, inches 

. 2-36 

5-5 

90 

14-0 

Doss of efficiency ( = “g) 

‘ 0-42 

018 

0-11 

0-07 

Resulting efficiency figure (l —-jj 

') 0-58 

0-82 

0-89 

093 

Observed relative efficiency as com- 




pared with air standard . 

. 0*44 

0-61 

0-65 

0-69 

Ratio of last two lines . 

. 0-76 

0-75 

0-73 

0-74 


It appears that the value of the above constant a , viz. 1*0, 
was chosen so as to render consistent the figures in the last 
line of the above table. 

In this way the relative efficiency of any engine is written 

down as 0-75 ^1 and if the “ air standard 55 efficiency 

for the degree of compression under consideration be called 
E, then the 

thermal efficiency = 0*75E^1— 

Had the “ air standard 55 been a standard really applicable 
directly to gas engines, the figure 0*75 would have been unity, 
so further simplifying the formula. As it is the above equa¬ 
tion shows that even the largest engines cannot get nearer the 
“ air standard 55 than 75 per cent. It is useful to compare this 
conclusion with the values found in par. 65. Callendar uses 
these results in obtaining his P.C. method of rating, to be 
described in par. 170. Before coming to that, however, it 
is necessary to consider the simpler R.A.C. rating. 

169. R.A.C. Rating. —The rating recommended by the 
R.A.C., and adopted by the Treasury, is that originally sug¬ 
gested by Dugald Clerk, who proposed 

rated H.P. = nd 2 -^-2-5 

where n is the number of cylinders and d the cylinder diameter 
in inches. Thus a four-cylinder engine of 4 inch bore would 
have a rated H.P. of 25*6. 

This rating is tantamount to assuming that for a given mean 
pressure in the cylinder the piston speed in feet per minute 
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will bo the <;uno fur all types and sizes of engine. Experiment 
has shown that the mean pressure is practically independent 
of bore and stroke, but there is uncertainty how far it is safe 
to assume that the piston speed is the same in all engines. 
This uncertainty is due to lack of clearness as to what, the rated 
H.1*. is supposed to represent. It might be any one of these— 

0; Maximum H.P. on the bench when running “ all out,” 
{•2) Maximum H.P. on level road when running “all out,” 

(3) Maximum H.P. when climbing the steepest hill elimbable, 

or 

(4) Average H.P. when running on roads in normal un i m- 

peded service. 

Now for (1) the R.A.C. rating method is probably the most 
correct, using, however, a lower constant than 2*5. For (2) 
the engine speed in r.p.m., and not the piston speed, is the 
mow nearly constant factor, and H.P. is therefore roughly 
proportional to cylinder volume, and is approximately == volume 
in eu. cms. -r 100 . For (5) the engine speed is commonly in 
the neighbourhood of 800 or 1,000 r.p.m., and the volumetric 
rating therefore applies here also, and we may roughly say 
H.P. = volume in cu. cms. ~ 130. 

For (4) there is little data available, but the R.A.C. formula 
probably fits it very nearly with the present constant. We 
may therefore make out the following table:—(C = total 
displacement volume in cu. cms.) 

(I) Maximum bench H.P.=if?d 2 where Jc is some constant 
| (2) Max. H.P. on road=C-h 100 
*! {3) Max. HP. on hill =C-r- 130 

I (4) Average H.P. normal uninterrupted service on roads= 

1 


170. Th© Calendar Formula. —The R.A.C. rating assumes 
that all sizes of engines are equally mechanically efficient when 
worked under the Mine conditions, which is not the case. If 

D 1 he multiplied by the expression ^1—as proportional 

to the mechanical efficiency, the result is to obtain the expres- 
Wkm BfD — !| which should be used in place of D 2 in the 
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rating formula. In this way Professor Callendar suggests a 
“ P.C. rating ” (Petrol Consumption rating) of 

B.H.P.= —-(D—1) 

the figure 2 being the suitable constant. The P.C. ratings 
and R.A.C. ratings for a number of cylinder diameters aro 
given in the following tabic— 


D 

R.A.C. Rating 
(per cylinder) 

P.C. Rating 
(per cylinder) 

Inches 

b.h.p. 

B.H.P. 

1 

0*40 

nil 

2 

1*6 

1*0 

3 

3*6 

3*0 

4 

6*4 

6*0 

5 

10*0 

10*0 

6 

14*4 

15*0 

8 

25*6 

28*0 

10 

40*0 

45*0 

20 

160 

190 


These two formulae are shown plotted in Fig. 100. The 
Callendar formula 5 (D—i) gives the H.P. per cylinder. 

Jj 

The result of using the P.C. rating would be, to quote Pro¬ 
fessor Callendar :—“ According to the R.A.C. formula, a four- 
cylinder engine with 2 in. bore and stroke (like the F.N. 
motor cycle engine) is rated at 6-4 H.P., and is equivalent to 
a single-cylinder of 4 in. bore. According to my experi¬ 
ments the four-cylinder of 2 in. bore could not develop much 
more than 4 H.P. under ordinary conditions, and would stand 
no chance against the single-cylinder of 4 in. bore. A 
four-cylinder of 3 in. bore is equivalent to a single-cylinder of 
6 in. bore by the A.O. rating, but according to the P.C. rating, 
the single-cylinder would have an advantage in point of power 
of 25 per cent. A two-cylinder of equal power on the A.C. 
rating would have an advantage of about 12 per cent, over 
the four-cylinder, and a six-cylinder a disadvantage of about 
10 per cent.” * Professor Callendar also remarks :—“ An obvi- 
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ous objection to tie P.C. type of formula, is tha/fc the B.H.P. of 
an engine of I in. "bore and stroke would be zero. According 
to the R.A.C. rating it should be f H.P. It would no doubt 
he possible to get such an engine to run if very delicately made, 
hut the ef ect of ignition lag would he serious at the normal 
speed of 6,000 revolutions per minute, and I doubt whether 
it could be made to give as much as iV H.P. on the brake. 55 

At the present time there axe few motor car engines that 
could not yield, "without pressing, an amount of power given 
say by such a formula as :— 

HP _ ND(D-fS) 

5 

where If and D are as before and S is the length of the stroke 
in inches. If in a given engine the length of stroke be 10 per 
cent, greater than the diameter of the bore, this formula would 
attribute to the engine a H.P. greater by 5 per cent, than one 
in which stroke was equal to the bore. Whether the full 
engine H.P. can be utilized when the engine has been fitted to 
a motor car depends upon whether the gear-ratios have been 
suitably chosen. 

Hone of these formulas apply to anything but four-stroke 
single-acting engines. Some motor cars, however, have two- 
stroke single-acting engines, and for them the rating is low. 
A two-stroke engine can give, on the bench, about 60 per cent, 
more power than a four-stroke engine of the same bore, stroke 
and number of cylinders. The reason why two-stroke engines 
do not give twice as much as four-stroke engines is that the 
compression and explosion pressures are usually less, and there 
is often a considerable amount of fuel which escapes unbumt. 
When a two-stroke engine is fitted to a car a difficulty arises 
owing to its very powerful and noisy exhaust, the effective 
silencing of which increases the hack pressure and largely 
neutralizes the gain of power there would otherwise be over 
the four-stroke engine. 

171. Ratio of Power to Weight. —An interesting point is to 
find out what is the best cylinder diameter for minimum weight 
of engine per B.H.P. developed 

If the weight oo D 2 ’ 5 and the H.P. D(D — 1) 
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Tm-n H.P. _ D(D-1) _D-1 whjch 

m-iiiht D 2 " 5 D 1-0 

gives Use following table :— 

I):— 1 2 3 4 5 

Pjzi;— 0 0-353 0-385 0-375 0-357 

l> 

showing that the greatest H.P. per lb. weight of motor would 
lie obtained when 1) — 3 inches, although D = 4 inches gives 
practically as good a result. The weight will however be 
affected also by change in the compression ratio since with in¬ 
creasing compression the engine parts must he made heavier. 

172. Operation of Two-Stroke Engines—Although the two- 
stroke petrol engine has twice the number of working strokes, 
per l,Ouo r.p.m., that a four-stroke engine has, it suffers much 
from loss of power owing to some of the entering charge passing 
out of the exhaust before it has been burnt. Also the exhaust 
valve ha? to be opened before the end of the working stroke, 
and this diminishes the effectiveness of that stroke. 

Careful experiments on two-stroke engines have been carried 
out by Watson and Fanning.* The engine tested was a single 
cylinder Day engine rated at 2J H.P. at 900 r.p.m., the cylinder 
bom and stroke being 3| in. When under test the power was 
absorbed electrically and the I.H.P. was measured by a reflect¬ 
ing indicator. Tests were made at 600, 900, 1,200 and 1,500 
r.p.m. 

The best values of P were obtained when the ratio of air to 
petrol by weight was 12 to 1, and the following were the 

figures;— 


Speed 

P 

r.pjru 

lb. per sq. 

600 

63 

900 

58 

1200 

53 

1500 

48 


These figures show how at high speeds there is not time for a 
fuM charge to enter the cylinder ; also that rjP would not be 
much mar© than hall the value usual with four-stroke engines. 


Free. 1908 and later. 
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173. Composition of Exhaust Gases. —The efficiency of a 
petrol engine naturally depends on the degree to which com¬ 
bustion is complete. The exhaust gases should not, for good 
efficiency, contain any CO. All the carbon present should be 
burnt to C0 2 . Nor, if the proportion of air is closely adjusted, 
will there be any oxygen in the exhaust. 

| It is difficult to write down the chemical formula in accord¬ 
ance with which the combustion of petrol takes place in an 
atmosphere of air, owing to the complex nature of the petrol 
molecule, but it is interesting to write down the combustion 
equation for C 8 H 18 , and to look upon it as representing, approxi¬ 
mately, what occurs with petrol. 

C 8 H 18 burns with 0 2 as follows— 

2CJI1S + 250 2 = 16C0 2 + 18H 2 0 

so that 27 volumes of mixture give 34 volumes of products, 
or, if the steam be condensed to water, 16 volumes. 

In actual working, ordinary air and not pure oxygen is used, 
so that there is nitrogen also to be considered. With 25 
volumes of oxygen, 94 volumes of nitrogen would be associated 
—making a total of 119 volumes of air. Each volume of this 
petrol therefore requires 60 volumes of air for complete com¬ 
bustion, and the equation can be therefore rewritten as— 
t 2 C 8 H 18 -f- 250 a 94N 2 = 16C0 2 -{~ 18H 2 0 —{— 94N 2 . 

The right-hand side of this equation is exhaust products, and 
the composition by volume will be—if the volume of the water 
16 

be neglected—or 14*5 per cent, of C0 2 and 85*5 per cent. 

of N 2 . If too little air were admitted some of the CO* would 
be reduced to CO, which being a poisonous gas is a very un¬ 
desirable element in the exhaust; moreover, it would reduce 
the thermal value of the gas owing to a part of the carbon not 
being completely oxidized—a loss which has already been dealt 
with quantitatively in the chapter on suction producer gas. 
If too much air is admitted, free oxygen will appear in the 
exhaust. We have therefore the following three rules:— 

( 1 ) When oxygen occurs in the exhaust too much air has 

been admitted. 

( 2 ) Too little &ir leads to formation of CO. 





THE INTERNAL COMBUSTION ENGINE [chap. is 

(.1) When neither CO nor 0, appear in the exhaust the air 
is in the right proportion. 

Some experiments on the composition of exhaust gases were 
made by Professor Hopkinson and L. G. Morse, in the engineer¬ 
ing laboratories at Cambridge, on the Daimler engine already 
referred to. 

Tiie speed was kept at 700/750 r.p.m., and a jet carbur¬ 
ettor of the usual sort was used. The throttle was kept open 
so that the suction never exceeded $ lb. per sq. inch in the 
inlet pipe close to the inlet valves. Fuel used was Pratt’s 
motor spirit; density 0-715 to 0-720 ; Calorific value 18,900 
B.Th.l’. (lower value). The exhaust gases were analysed by 
the ordinary volumetric methods, the C0 2 being absorbed by 
potash, the oxygen by pyrogallol, the CO by an acid solution - 
of cuprous chloride, and the H* by palladianized asbestos. 

The following table shows the results recorded— 

Ekfibimek’ts made by Professor Hopkinson and L. G. Morse. 


Petrol consumption in lb. ! 


per 1,000 revs. . 

j 0-181 

0*191 

0-197 

0*217 

0*250 

0*293 

Brake load at 43 in. radius 

i 






lb. 

!25 

27-5 

29-3 

29*4 

29*3 

27 

Thermal efficiency 

| 0-244 

! 0*252 0-261 

0*238 

0-204 

0*162 

CQ a —measured 

110-9 

12*8 

13*5 

10*6 

9*6 

6 

o, „ ... 

; 3-6 

1*5 

0*2 

— 

— 

— 

CO „ ... 

— 

— 

0*7 

5 

6*25 

11*6 

1I 2 „ ... 

— 

— 

— 

2*1 

2*65 

8*7 

N* by difference . 

84 

84 

84 

81 

80 

73 

Total 0 2 » calculated from 

1 






N*. 

'22*4 

22-4 

22*4 

21*5 

21*3 

19*4 

H a 0 calculated . . . 

115-8 

16*2 

16*8 

16*8 

17*2 

15*2 


From this it will be seen that when the CO and 0 2 are at 
a minimum, the CO* is 13-5 per cent, and the N* 84 per cent., 
figures which are very close to those calculated above from 
the approximate chemical formula. Moreover, it will be seen 
that it is at this point that the highest thermal efficiency 
(0-261) was recorded. This is best brought out when the 
points are plotted in a curve, as in Fig. 101. 

Cum B (thermal efficiency) shows how quickly the thermal 
efficiency declines when (X) begins to be produced. Curve A 
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(corresponding to B.H.P.) is of a very different form, as 
although it is true that minimum production of CO corresponds 
to an output in H.P. very little less than the maximum, yet 
that maximum is found when the CO amounts to 0*7 per cent, 
and is very nearly maintained even when the proportion of CO 
rises to over 6 per cent. The ideal condition of working is 
*■> 

.- . - - . . . . - —| 

^ a %00 2 W-S12-8135 10-6 _ $8 _6-0 

•jj %O e 3-6 1-50 0 _ 0 _ 0_ 

I 1 | °ACO 0 0 0-7 S-0 _£25_ H-6 

■5 •£ %% OOP 2-1 6-65 _S'7 


I* Q. Mobs®. 


0 - 2.30 0-293 

29*3 27 
0-204 0-162 


IMS 1 M 
: 2-66 8-7 
80 73 

21-3 19*4 
17-3 16*3 


id 0, are at 
34 per mi, 
above from 
will be seen 


Old O-ZO 0-22 0-24 026 0‘2B 0-30 

Petrol Consumption. 

Fig. 101. 

obviously the apex of Curve B, but the corresponding point 
on Curve A is not a convenient one to work at. In all engineer¬ 
ing work it is customary to work, if possible, near to the 
middle of a curve which has a slow hump, such as Curve A, 
in order that small variations to right or left may not make 
much difference. The ideal working point on Curve A is 

u 
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Engine had been running for some hours. Engine in other cases had been just started from all cold. 
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therefore by no means the most convenient practical point, 
which in this case would correspond to about 5 per cent, of 
CO . This temptation has led engine builders to set carburettors 
so to give maximum power, instead of aiming at minimum 
production of CO and therefore maximum thermal efficiency. 

Dugald Clerk has also carried out tests of this kind. He 
used for this purpose the engine on a 18 H.P. Siddeley car. 
The engine was a 4-cylinder one, bore 4 inches, stroke 4 inches 
Samples of the exhaust were taken while— 

(a) The car was standing on the level with the engine 
running as slowly as possible. 

, ( b ) The car still standing, but engine running at about 
600 r.p.m. 

(c) The car running on a level at about 18 m.p.h., the 

throttle less than half open. 

(d) The car climbing a hill, engine running about 1,000 
r.p.m., and throttle from three-quarters to full open. 

It will be seen from the above table that under circum¬ 
stances which might quite often occur in practice about 4 
per cent, of CO is being produced. To meet the difficulties 
of designing a carburettor which should mix air and petrol 
in constant proportions under all conditions of load and speed 
is no easy thing, indeed most builders aim at quite different 
mixtures, viz., those that make for ease at starting, for 
rapidity of “ picking up,” and other features of car manage¬ 
ment that make for ease of manipulation. * 

Dugald Clerk concludes from the results of his experiments 
that the following conditions appear to produce imperfect 
combustion— 

1. Too rich mixture with insufficiency of oxygen. 

2. Too weak mixture with excess of oxygen, but too slow 

a rate of ignition and combustion. 

3. Irregular mixture—mixture supplied too rich in com¬ 

position at one part of the stroke, and too weak in 
another ; that is, bad mixture. : 

4. Engine and carburettor cold. This tends to cause im¬ 

perfect combustion, due partly to low temperature 
and partly to bad carburetting. 
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5. Improper timing of ignition, and missed ignitions. 

6. Igniting in the body of the cylinder, instead of in a 
port. '"This is liable to produce imperfect combustion at light 

loads. 

The sixth of the above conditions is an exceptionally inter¬ 
esting one. It seems incontestably to be the case that the 
presence of “ pockets ” in cylinders leads to loss of efficiency, 
** pockets ” being the name given to any recess in the top of a 
cylinder which has the effect of increasing the clearance volume. 
But it is almost equally certain that the presence of " pockets ” 
improves the running of the engine under working conditions : 
and renders it, as it is termed, “more flexible.” Pockets 
lower the efficiency, as they increase the ratio of surface to 
volume, but they render ignition more certain, as, even at 
light loads when the exhaust products left in the clearance 
space dilute the incoming charge very considerably, there is 
the likelihood of the neighbourhood of the sparking plug 
(which is probably situated in or near one of these pockets) 
being rich locally in explosive mixture, so ensuring the proper 
starting and timing of the ignition. Too much “ pocketing 99 
on the other hand may lead to detonation of the charge. 

174. Tests on the Road.— Not only are petrol engines for 
motor vehicles tested on the bench, but also when fitted 
into their chassis. Such tests are kept as closely as possible 
to normal working conditions. Measurements of speed and 
H.P. are needed, also wherever possible tests of acceleration 
and of Mil-climbing ability. To measure the B.ELP. on the 
road it is necessary to know the speed and the resistance to 
motion (R) in pounds per ton. 

Then 

B.H.P. ass Yelocit y m -P-h« X R X weight of car in tons 

375 

The speed is usually read on a “ speedometer ” and the resis¬ 
tance by an “ accelerometer. 9 * Such an accelerometer is 
shown in Pig. Id®. Its action * is that of weighiTig the forces 

* f description of the mechanism, and of tests made with it, see 
WM Engtrmr, September 16, 1910, and Proo~I.(J.E., Vol. 188 ; also 

AppUtaHm pf P&mr m Mmi Transport (Constable & Co.). 
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which, oppose the motion of the car, and the needle points to the 
figure on the scale showing the .number of “ pounds per ton ” 
of resistance at any moment. Such devices are called acceler¬ 
ometers because they were first introduced for the measure¬ 
ment of train acceleration. They can however be used for 
other purposes. 

175. Fuel Consumption Tests. —It is also usual to measure 
the amount of fuel used on a road-test, and to pnt the result 



Fig. 102.—Accelerometer. 


into the form “ gross-ton-miles-per-gallon 53 of fuel, i.e., the 
product of miles run per gallon by the total moving weight 
in tons. This figure affords a useful comparison of car with 
car provided that care is taken to measure during the run the 
average amount of the resistance overcome by the method 
described in the previous paragraph. This is necessary, as 
with heavy vehicles the resistance is sometimes twice as high 
on winter roads as on summer ones, and the “ gross-ton- 
miles-per-gallon 33 figures will be.changed in proportion. It 
is best to express the relationship in the form “ gross-ton- 
miles-per-gallon on roads of normal road resistance / 5 and to 
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take 70 lb. per ton as a common standard of resistance. Thif 
brings all such tests to the same basis of comparison. Nol 
only dvvt the state of the roads affect the resistance, but th< 
ap'fd at wliieh the car runs during the trial also affects it con- 
Mderablv. At high speeds the component of the resisting 
force due to air resistance is very greatly increased. On gooc 
roads the total resistance with the average four-seated touring 
ear* is usually about 

R. in lb./ton =50 + 0-06V 2 where V is in m.p.h. 

For a typical motor wagon under the same conditions 

R = 50 +0-10V 2 

but much depends in either case on the form of the body o: 
the vehicle, and experiment is the only safe guide. 

ITS* Windage Experiments. —S. F. Edge once carried ow 
tests at Brooklands to see what effect the raising of a large 
wind screen would have on the speed of a large Napier cai 
(384 H.P. R.A.C. rating). His results were— 


Area of Wind Resistance Screen 
in Square Feet 

Speed in M.P.H. 

30 

47*85 

28 

500 

26 ! 

52-9 

24 ! 

56-15 

22 

54*0 

20 

55-5 

18 

57*0 

16 

57*6 

14 

60*0 

12 

62*5 

10 

64*2 

8 

66*15 

6 

70*25 

4c 

75:0 

o 

73*8 

0 

79*0 


These figures are shown plotted in Fig. 103. Students wi 
find it interesting to estimate what the resistance law mm 
have been to give these results. 

* Vide Application of Power to Road. Transport (Constable & Co.). 



_H«i the internal COMBUSTION ENGINE [chap, ix 

the same scale, i.e., so that both show the equivalent tractive 
effort at the rear road wheels. The two dotted curves parallel 
to the resistance curve are the curves of resistance when 
ascending gradients of 1 in 20 or 1 in 12 respectively, since 
thev represent the result of adding the extra effort necessary 
for hill climbing to that needed to overcome the resistance on 
the level. The upper dotted torque curve is that corresponding 
to the engine being on the next lower gear. 

These curves show that on a level road the tractive effort 



Fig. 104.— Tractive Effort and Resistance at various speeds. 


and the resistance will be exactly balanced at 34 m.p.h. If 
the road began to ascend, the resistance curve would rise 
bodily upwards, keeping parallel to itself, and the crossing 
point of the two curves would move nearer in showing a lower 
speed of travel At the crest of the torque curve the motion 
becomes unstable, and the engine will stop unless the “ gear 55 
be changed. This point evidently comes just after the slope 
rises to a steepness of 1 in 20. On the lower gear the point of 
instability comes soon after the slope exceeds a 1 in 12 gra¬ 
dient. These torque curves correspond to the throttle 
being wide open. If, however, the vehicle were travelling on 
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Fig. 103.—Diagram showing effect of ■wind resistance on a T^apier car 
carrying a special wind screen, and having itself a projected area of 
12 sq. ft. 


177. Hill Climbing Tests. —The initial acceleration with 
which a car can start to move on a level road is closely con¬ 
nected with the steepness of the hill it can climb. H a he the 
angle of the steepest hill climbable, then the equivalent accele¬ 
ration is g sin a. This is obvious, as the same engine effort is 
needed to climb a hill of this slope as to give an acceleration 
equal to g sin a. Change of gear affects hill climbing ability 
in the manner illustrated in Fig. 104. The lower continuous 
curve is the resistance curve, whilst the continuous curve 
crossing it is the engine torque curve (on top gear) plotted to 
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*1 


a level road on top gear at 20 m.p.h. and the throttle were 
suddenly opened wide, it will be seen that the engine would 
then he giving much more than twice the effort necessary to 
overcome the road resistance, and the balance would go to 
accelerate the motion of the car. In this particular case the 
excess effort is about 105 lb. per ton, and a force of 105 lb. 
acting on a mass weighing a ton would produce an acceleration 


of 


105 X 32 
2240 


= 1-5 ft. per sec. per sec., which would, therefore. 


be the acceleration of the car at this point. It is by drawing 
curves of this kind that it is possible to design the best gear 
ratios of mechanically propelled vehicles. 

178. R.A.C. Tests. —Interesting trials of touring vehicles 
and motor wagons have been organized by the Royal Auto¬ 
mobile Club, and from some of their reports the following 
tables have been made out—• 


1907 Tri a ls op Motor Wagons 


Net Load, carried 

Average provided 
H.P. (R.A.C.) per ton of 
Gross Moving Load 

Average G-.T.M. per 
Gallon of Petrol 

4 ton (5 cars) . 

7-82 

27-4 

1 ton (4 cars) . 

6-8 

33*26 

14 tons (5 cars) 

7*24 

30*9 

2 tons (7 cars). 

4-96 

34*93 

3 tons (15 cars) 

5-01 

40*6 

5 tons (1 car) . 

4*87 

33-9 


R.A.C. International Touring Car Trials, 1908 


H.P. (R.A.O. rating) 

Miles run per 
gallon (average of 
best ears) 

Average weight 
(loaded) of best 
cars. Tons 

Gross-Ton-Miles 
per gallon of petrol. 
Average for best 
cars 

TJp to 20 H.P. 

24*2 

1*30 

30*7 

20 to 40 H.P.. . 

17*2 

1*72 

29-6 

40 to 60 H.P.. 

15*9 

2*14 

33*9 


. Note .—Total distance run in the 1908 trials was 1,977 miles on the 
roads in Scotland and England. Average speed of all cars probably 
between 15 and 20 .miles per hour. 
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These result?-, taken into consideration with many later ones 
the author has collected, suggest the figure of 50 gross ton 
miles per gallon as a convenient standard, of performance 
ivlioii minced to the common basis of a tractive resistance of 
7tt ]] t. per ton. This subject , however, needs a chapter to itself, 
and it is treated in fuller detail than is here possible in “ The 
Application of Power to Road Transport.” 

*178. Late Tests of Petrol Engines.—The influence of various 
liquid fuels on. engine performance has been closely examined 
at the Ricardo Laboratory* A leading' object of this 
investigation was stated to be to discover the factors con¬ 
trolling detonation, since the tendency to detonate determines 
the degree of compression which may be employed, and 
therefore both the power and efficiency of the engine. 
The results are summarized in Tables I and II. It was found 
that with the exception of alcohol and the members of 
its group, the efficiency obtainable with all fuels appeared to 
be the same, within about one half per cent., at the same com¬ 
pression ratio. Tie fuel therefore which permits the highest 
compression leads in thermal efficiency. Ricardo also found 
that the addition of cooled exhaust gas to a petrol mixture 
detonating normally when r = 4*85 enabled the compression 
to be raised to r = 7*5 without detonation. 

His view is that under normal conditions pre-ignition is, 
in the case of ordinary petrols containing a substantial propor¬ 
tion of members of the paraffin series, always brought about 
by persistent detonation and that if detonation be prevented, 
pre-ignition will not readily occur, and much higher compression 
pressures can be used. 

180. Loss of Power at Altitude in Aero Engines.—That the 
falling of air density with altitude affects the output of 
stationary gas engines working at elevated stations is well 
known, but it naturally affects still more the performance of 
aero engines. It is manifest that the horse-power must dimin¬ 
ish when the air density falls, since at altitude the weight of 
mr filling the cylinders will be less and therefore the weight of 
fuel suited to combine with that amount of air will also be 
lest. 


* H. R. Rsbaxtb m Automobile Engineer, 1921. 
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Xylene (91 per cent, pure) . . 0-862 0-006 17,930 46:7 1-03 13-6 145 21-5 

Cyclohexane (93 per cent, pure) . 0-786 0-006 18^,940 46-08 1-044 14-7 166 21-5 

Ethyl Alcohol (98-6 per cent.) . 0-798 0-012 11,840 44-5 1-065 8-9 406 85-0 

Methyl Alcohol (Wood Naphtha) . 0-829 0-006 10,030 45-5 1-06 6-5 500 140-0 

(approx.) (approx.) (approx.) 
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The pressure in the suction stroke is governed by the pressure 
in the surrounding atmosphere ; the temperature, however, 
is as much affected by the cylinder temperature as by the 
atmospheric temperature : hence the power does not fall quite 
so rapidly as the pressure but more rapidly than the density. 
The rate at which pressure and temperature fall with height 
is shown in the following table :— 


Height 

feet 

Pressure 

millibars 

Temperature 
Deg. Abs. C. 

Density 
gm /cu. metre 

0 

1,016 

1 288-0 

1,229 

5,000 

845 

278-1 

1,059 

10,000 

698 

268-2 

907 

15,000 

573 

258-3 

773 

20,000 

466 

248-4 

655 

25,000 

376 

238-5 

551 

30,000 

301 

228-6 

460 


The question as to the falling off of power with altitude in any 
given engine resolves itself into finding a connection between 
the temperature and pressure inside the engine at the end of 
the suction stroke, and the temperature and pressure of the 
outside atmosphere. Experiment has shown that pressure 
in the engine when compression begins is directly related to 
the outside pressure. When the outside pressure for instance 
is halved, the pressure at beginning of compression is also 
halved. Pressure variations then have their full effect. This 
is however not generally the case for temperature variations. 
The temperature of the charge at the beginning of compression 
under ground level conditions is of the order of 100° C. The 
air on its way to the engine will generally lose heat in the car¬ 
burettor, so a considerable amount of heating must take place 
in the engine itself. These heat exchanges will naturally tend 
to mask, more or less, the effect of outside temperature varia¬ 
tions, provided these are within moderate limits. The exact 
relationship between outside and inside temperature thus 
depends on carburation and general engine design*'*>.--Thg^ 
relationship for different engines run under different conditions* 
of carburation will vary. Oases, however, where the outside 
temperature? variation has its full effect are rare. In general 



31)2 THE INTERNAL COMBUSTION ENGINE [chap, ix 

only about one-third to one-fourth of the outside temperature 
variation is effective in producing changes of temperature inside 
the engine. In the case of the atmosphere, a decrease of pres¬ 
sure during ascent is associated with a decrease in temperature. 
If this decrease in temperature is not fully effective inside the 
engine* the power will fall off slightly faster than the air density. 
Most aero-engines exhibit this characteristic. Measurements 
under flying conditions are difficult and the results are liable 
to be modified by changes in carburation and mechanical 
efficiency; for this reason special altitude test houses have 
been constructed where the engine can he tested on the ground 
under conditions as to temperature and pressure corresponding 
to great heights. 

This falling off in power, with height, limits the performance 
of an aeroplane. Attempts have therefore been made to design 
an engine which up to a certain height will develop a constant 
power. Two methods of procedure are possible. In the one, 
the supercompression method, an “ artificial atmosphere ” is 
created, by means of a blower or air pump, in the carburettor 
intake. The engine, although at altitude, is supplied with 
air of ground level pressure. The blower may be either geared 
to the aeroplane engine, or driven by the exhaust through the 
agency of a small turbine*, or it may be driven by an 
entirely separate power unit. The alternative method is 
to do away with all blowers and simply build an “ oversize ” 
engine. At low 1 altitudes this engine is kept throttled down. 
As the height increases the throttle is more and more opened. 
Constancy of power is thus obtained till the throttle is fully 
opened. Just as in the case of the blower, there is thus a 
limiting altitude after which the power falls off. 

For altitudes up to 20,000 feet, the over dimensioned engine 
m genemly considered the simpler solution. It might appear 
at first sight as if the over-dimensioned engine will necessarily 
be very heavy. This is however not so. Although of larger 
bore and stroke than the normal engine, it is only called upon 
to develop the same power. It can thus be built relatively 
%ht|f, Of course care has to be taken never to run such an 
mgkm <s£ all out ” when near the ground. 

*Bm page 12a 
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EXAMPLES 


1. Find the estimates for the B.H.P. of the foDo'srin.s ears. fir«t on the 

H.A..C. rating of it?, secondly using the formula 2£_lH_HEi, D and 
2*5 5 

S being the diameter of bore and stroke respectively, both in inches. 

(i) 6-cylinder; 5-inch bore by 7-inch stroke. 

(ii) 4-cylinder; 4-inch bore by 8-inch stroke. 

(iii) 4-cylinder; 3J-inch bore by 4|-mch stroke. 

(iv) 2-cylinder; 80-nam. bore by 280-mm. stroke. 

2. If the B.H.P. of an internal combustion engine (four-stroke sinkV- 


aeting, on© cylinder) be expressed by the formula 


DID — S) 

5 


9 calculate 


the mean effective pressures which the formula assumes for the follow¬ 
ing mean piston speeds :—1,000, 1,250, and 1,506 ft. per min. of an 

S 

engine having a stroke-bore ratio of 1*50, and a mechanical efficiency 


of 0 - 80 . 


ESSAY QUESTIONS 

[The following questions are, for the most part, selected from ex¬ 
amination papers.] 

1. Explain what is meant by (i) absolute temperature, (ii) a perfect 
gas. State the two chief laws which perfect gases obey, and prove 

PV . 

that for a perfect gas — m constant. 

2. What is the law connecting the pressure fib. per sq. ft. % vctene 
(cu. ft.) and absolute temperature (centigrade scale) of 1 lb. of air ? 
[One cu. ft. of air at H.T.P. weighs 0*0807 lb.] Explain why the 
specific heat of a gas at constant pressure most be greater than the 
specific heat at constant volume. 

3. A gas expands so that PV*=€x»nstaai. Show that if » is the 

ratio of specific ipat at constant pressure to specific heat at constant 
volume, the'expansion is adiabatic. (Mach. Six Tripos, 1898.) 
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4, A Z.i- t nknt w'rhs on an ideal cycle with adiabatic compression 
und ii *n, rtsvkiiu: and rejecting heat only at constant volume. 
Obt mi the expression of its efficiency. (Mech. Sc. Tripos, 1906.) 

& In uku way does the PV diagram of the ideal cycle for a gas 
riiciiit* diftVr from n alky ? If it differs greatly, why are such calcula¬ 
te* ?tf *mv use 2 (B- of E., 1906.) 


6. Describe with sketches the mode of operation of an Internal Com- 
hutien Engine. Explain why, in general, such an engine is more 
efKrn nt as a heat engine than a steam engine of the same power, 
jilate w here the various losses of energy occur. A gas engine of 10 
B.H.P. consumes ISO eu. ft. of gas per hour, the calorific value of 
which is f#0 B.Th.LVs percu. ft. Find the total efficiency, and give a 
Ti ugh estimate of the different proportions of energy lost due to the 
xaim's int ntioned above. (Mech. Sc. Tripos, 1906.) 


7. De«cribe a gas engine, and explain how it uses the Otto cycle 

of operations. Sketch the cylinder, showing piston, water-jacket, 
valvvs, shape of clearance space, and shape of exhaust outside the 
cylinder. (B. °I B., 1899.) 

8. What is meant by “ scavenging ’* in relation to gas engines ? 
How is it done, and how (or why) does it affect the efficiency ? 

(Mech. Sc. Tripos, 1898.) 

S. If the ideal P-V diagram of a gas engine consists of an area en¬ 
closed by two lines of constant volume intersected by two adiabatic lines, 
show that the efficiency of the cycle represented by the diagram de¬ 
pends on the compression ratio only, assuming that the specific heats 
of the working agent at constant pressure and also at constant volume, 
are constant. (B. of E., 1912.) 

10. Explain why the efficiency of a gas engine falls short of the 

/ 1 yr-1- 

ideal value obtained b 3 T substituting 7=1-4 in the formula 1—f— J 


Indicate the relative importance of the different reasons. 

(Mech. Sc. Tripos, 1913.) 

11. Criticise the Otto cycle from the point of view of (1) efficiency, 
(2) relation of power to weight on the part of the engine. In modem 
practice the tendency is to compress the mixture highly before ignition. 
How does this affect the points of your criticism t 

12. How are Indicator-Diagrams taken from a petrol engine going 
at, say, 2,900 revs, per min ? Describe the Indicator. 

(B. of E., 1911.) 

IS. Sketch th© form of Indicator-Diagram you would expect to 

obtain from a petrol engine. Sketch diagrams showing :— 

{«) The spark too much advanced. 

(I) The spark insufficiently advanced. (B. of E., 1912.) 
14, What ought to be the composition of th© exhaust gases from a 
ps engiae using good eoal gas or from a petrol engine l Why does 
till actual composition differ from this ? (B. of E., 1910.) 
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15. Make a careful sketch of a petrol motor. Show a carburettor 
to an enlarged scale and explain the principle of its action. 

(B. of E., 1913.) 

16. In a gas-engine diagram the expansion curve usually lies above 

the “ adiabatic ’ 5 expansion curve, showing that, if the working sub¬ 
stance be a perfect gas, it must be receiving heat during the expansion ; 
yet, in fact, much heat is withdrawn from the cylinder walls by the 
cooling water. What do you regard as the most probable explana¬ 
tion of this ? Give some account of the arguments and exj^srimental 
evidence which lead you to prefer your explanation to others that 
have been suggested. (Mech. Sc. Tripos, 1904.) 

17. Discuss the reasons that have been given for the so-called “ sup¬ 

pression of heat ” in the working mixture of a gas engine, and give an 
account of recent investigations, conducted for this purpose, into the 
properties of the gas used and into the interchange of heat between 
the mixture and the iron surface into which it comes in contact during 
its working. (Mech. Sc. Tripos, 1911.) 

18. Describe with sketches how lubrication of the various parts of 

an engine (not encased) is usually performed. (B. of E., 1902.) 

19. Why do we regulate an engine with both a flywheel and a gover¬ 
nor ? Explain clearly how each affects the regulation. 

(B. of E., 1900.) 

20. Give an account of the different methods used for governing 
gas engines, stating the advantages and the disadvantages of each. 

(Mech. Sc. Tripos, 1904.) 

21. Sketch a section through the gas valve of a gas engine, show¬ 
ing the hit-and-miss mechanism operated by the governor. 

(B. of E., 1907.) 

22. Describe any non-luminous gas-making plant for use with a 
gas engine working to, say, 100 I.H.P. What chemical action takes 
place in the gas manufacture ? What is the composition of the gas ? 

(B. of E., 1899.) 

23. Describe with sketches the manufacture of any kind of producer 

gas. You must show that you have a knowledge of the chemical 
changes which occur. (B. of E., 1911.) 

24. A petrol engine is run on the brake and the petrol supply is 

gradually increased by adjustment of the carburettor, the throttle 
being kept fully open and the brake adjusted so as to keep the speed 
constant. It is found that the brake load increases to a maximum 
and then keeps nearly constant, in spite of a considerable increase 
in the consumption of petrol. Also the maximum torque so deter¬ 
mined diminishes as the speed is increased. Explain these observa¬ 
tions. (Mech. Sc. Tripos, 1913.) 

25. Describe some form of small 2-cycle petrol motor. Explain 
why the small 2-cycle engines do not as a rule give much more power 
'than the 4-cycle engines of equal cylinder capacity and are consider 
ably less economical" of fuel. What countervailing advantages have 


x 












:,u,\ the INTERNAL COMBUSTION ENGINE [chap, rx 

tV\ 1, It. n the\ jjv iipf >liod to the propulsion of vehicles and boats 

? (Mech. Sc. Tripos, 1913.) 

\\ !r, is thr power of the engine of a motor car so great in com- 
j- un ., u \iJii the power applied to a horse-drawn vehicle? Give a 
<• Ahrmv of how the power of a car rated at 38 H.P. is spent — 

, 1 ) When going at 80 in.p.ii. on the level. 

, 2) When going at slow speed up a hill of 1 in 5. 

Wiuf k the probable loss attributable to the crankshaft, the gear 
hi'X and the back axl© gear ? 

27. khow that the accelerations of the piston of an engine at the ends 

of i h <' >*i rake are given by 1-j- where <o is the angular velocity of 

the crank and r and l are the lengths of crank and connecting rod. 

(Mech. Sc. Tripos, 1912.) 

28. Ti;e following are the results of two comparative tests of the 
saim 1 pin engine, the only difference between the two being that in. 
ir»i B the g.w cock was opened wider than in test A, and the power 
man eorr* spending! v greater :— 

A B 

Vbl. of gas taken per stroke (cu. ft.) . . . 0-10 0*13 

Work done per stroke (per cent, of heat supply) . 30 27 

Beat given to jacket water (per cent, of heat supply) . 29 34 

The combustion of the gas was complete in both cases. What is 

the explanation of (1) the greater percentage heat loss in B, and (2) 
the lower thermal efficiency in B ? 

Is the greater heat loss adequate to account for the whole of the 
drop in efficiency, and, if not, how do you account for the balance ? 

(Mech. Sc. Tripos, 1913.) 

29. Show that the fore© required to accelerate the reciprocating 
masses of an engine is given approximately by 

M®V (cos 0-|—y* cos 2 #). 

where !M = mass of reciprocating parts. 

= angular velocity of crank. 
r = crank radius. 

I = length of connecting rod. 

# = crank angle, measured from line of stroke. 

Give any graphical method by which the acceleration of the recipro¬ 
cating masses may be obtained. (B. of E., 1912.) 

30. Prove that there is no change of temperature when a perfect 
gas, after passing through a throttle valve, has been again brought to 
rest.* 

Experiments with hydrogen have shown* a very slight rise of tem- 
Bow would you account for this ? 

(Mech.* Sc. JCripos, 1912.) 
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31. In i\ single-cylinder engine, at any point of the stroke, dww 
I'low to liiicl the tliming moment on the eraidvdntT, if we fmv- r: 
I ndu.-ui.tor H>iagram and the sizes and wights of the part* of trw 

and its spec.‘d. Take the shortness of the connecting rod into account. 

• B. of 1910. 1 

32. tilt- PV" diagram of air altering in state, how do we find 

cfH t 

a diagram showing at every instant —, the rate of reception of h- vt : 

If tlio expansion curve follows approximately PV 1 = constant, i.t.d 

cfH (B. of E., 19 j ‘J 

cfV* 

3B. Kxplain how you would proceed to find the temperature of the 
charge? in tii© cylinder of a gas engine at a point in the stroke just after 
the closing of the admission valve. Having determined this tempera¬ 
ture, liow would you use it to find the temperature at points during 
the expansion stroke ? State clearly the measurements yon would 
make and the observations you would take to obtain the necessary 
da tew. 

34r. Show that the total quantity of mixture drawn into a gas engine 
per sixciion. stroke is nearly independent of the temperature of the gas 

left in fche compression space from the previous stroke. 

(Mech. Sc. Tripos, 1921.1 

35. Gliwe some account of the ideas governing the choice of com¬ 
pression xrautio in tine different types of internal combustion engine 

(Meek Sc. Tripos, 1921.) 



ANSWERS TO EXAMPLES 


CHAPTER n 
Pages 40-46 

L tl$:T C. 2. 74-8 lb. per sq. inch by gauge*, 

3. 1870® C- 4. 1502° 0. 

5. 1598° C. ; 234 lb. per sq. inch. 

6. 18*7 lb. ; 3,517 eu. ft. 

7. {«) 58-8 lb. per sq. inch ; 70° C. 

!f>! 104 lb. per sq. inch; 333° C. 

8. 114 lb. per sq. inch. 9. 66*4 lb. per sq. inch; 109-5° C. 
10. 330 3 F. ; - 63® F. 11. 500° C. 12. 30° F. 

15. Work done in adiabatic compression = 65,400 ft. lb. 

Work clone in isothermal compression = 64,800 ft. lb. 

Work done by air in final process = 26,500 ft. lb. 

Heat given to air =* 92,000’ft. lb. 

16. - 67*5° C. ; 37-5 cu. ft. 17. 406 C.H.TJ. 

18. 13*6° F. ; 21*85 in. of mercury. 

19. (1) 3,047 ft. lb. (2) 296 ft. lb. gained. 

(3) 394° F.; -33 cu. ft. 

20. 6*65 eu. ft.; 440° C. ; 71*5 lb. per sq. inch. 

21. 892° F. 22. 29 B.Th.U. 

23. 0*566. 24. 75 lb. per sq. inch. 

25. (i) *0793 3b. (ii) 174*2 lb. per sq. inch ; 1185° F. abs. 
fin) 2523® F, (iv) 545 lb. per sq. inch. 

(v) 46 lb. per sq. inch; 1878° F. ate. 

<vi | 49*4 per cent, (vii) 83*8 per cent. 

26, ii) IMKF F.; 1615 s F. 

fit) On explosion 26,980 ft. lb. of Heat received. 

On expansion 11,190 ft. lb. received. 

On exhaust 25,690 ft. lb. rejected, 
fill) 32*5 per cent. 

28, 1*79; 1. 29. By compressor; 20 H.P., 7*45d. per hour. 

By direct heating, l*8d. per hour. 

CHAPTER HI 

Page 72 

n 

308 


1. 27 ft lb. 
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CHAPTER 17 
Pages 104-106 

1. 107 C.H.TJ. 2. (i) y = 1*37. fii) 7-55 cu. ft. 

•00194 (1*37 s) P C.H.U. per cu. ft. when flip pressure is 
5,000 lb. per square foot. 

3 . (I) 27° C. (ii) 177° C. (in) 25-4 C.H.U. ; 624CJLU. hvd. 

4. 102*5 lb. per sq. inch ; work done, 144,000 ft. lb.; Iu3 C.H.U 

carried away. 


CHAPTER V 
Pages 108-172 

1. 6*7 H.P. 2. 20 H.P. 3. 94,700 ft. lb. 

4. 81 H.P. ; 68-3 H.P. ; 84*3 per cent. 

5. 666 H.P. ; 81*8 per cent.; 91*9 cu. ft ; 112 cu. ft.; 257 per 

cent. ; 21 per cent. 

6. 56*6 H.P. ; 45*5 H.P. ; 80-4 per cent. 

8. 45 H.P. ; 33'3 per cent. 9. 58-3 per cent. 

11. 1-3 tons. 12. 155° C. 

13. 2-58 x 10 s ft. -lb. ; 2*65 x 10 4 ft .-lb. 

14. 7-96 ft.; 48 tons. 16. 39*2; 9*9 tons wt. 

17. 466°C; 1-57; 1-67; 1*81; 2-0 H.P. 


CHAPTER VI 
Pages 203-204 

1. 126,000; 41,300; 42,000; 42,700 C.H.TJ. 

. 8,346 C.H.U. per lb.; 11-56 lb. of air. 

. 25*3 per cent.; *46 per cent, lost in jacket-cooling water? 79‘2 
per cent, lost in exhaust. 

4. 1,002 C.H.U. per hour indirect heating; 8,200 C.H.TJ. per hour 
direct heating; 0*122. 


CHAPTER VII 
Page 21$ 

* 1. 35*4 per cent. 2. 6$6 H.P. ; 81*8 per cent.; §1*9 cu. ft. ; 112 
cu. ft. ;,25-7»per cent.; 21 per cent. 
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CHAPTER VIII 
Pages 273 274 


] 4 "1 r r -‘/’lit* 2. Excess air 106*6 per cent. ; exhaust product 

i.rik of Oil, 32-1 lb. 

$ K ,m* *.',. 1 ;,- ; l‘O s , 88 grams; H 2 0, 54 grams. 

iv.L , 4 thermal rffieieney, 18*9 per cent. 

IL'T M',11 T. per lb. ; 3*49 lb. of 0. 

I o7 iii» ; 73 lb. per sq. inch ; 240 lb.-ft. ; 5*8 H.P. 

* 8 H.P. S. 210 lb.-ft. ; 3*57 ; 450 lbs. 

' ’' 10. 20-5 per cent. ; 78*9 per cent. 

* " Jh per sq. inch. 

• H ' * A 2 

v r '}■+!' t-J 


+.)* 


while a «q. feet is the contracted area of the issuing jet. 


CHAPTER IX 

Page 303 

1. h) 60; 72. fii) 26; 38. (iii) 20; 22. <lv) 8; 18. 

2. 105 ; 84; 70 lb. per sq. inch. 
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